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This paper covers the design and use of an instrument 
for determining blade-tip clearances of axial-flow com- 
pressors. The development of the measuring head and 
control circuits for operating the probe-type head and the 
results obtained from the use of this instrument are 
covered with illustrations and graphs which show clear- 
ances in axial-flow compressors under various operating 
conditions. 


HE efficiency of axial-flow compressors and gas or steam 
turbines is related to the radial clearance between the 
rotating and stationary parts. This is true both of the 
clearance between the stator blades and the rotor, and clearance 
between the rotor blades and the casing of an axial-flow compres- 
sor, which has been the principal application of this instrument 
Several ditierent methods have been used in the past to deter- 
mine the radial clearance between rotating blades and a station- 
ary casing. The manually operated mechanical probe and a lead 
plug are two methods which have proved useful but have draw- 
backs which are obvious. Some other methods involving mag- 
netic gages, light beams, sonic reflection, and even x-rays have 
been proposed, but have not yet been made into a practical gage. 
The lead gage is limited to low temperatures and has the added 
disadvantage that the unit must be shut down to remove the 
gage for measurement in order to obtain the desired answer. 
Also, the lead gage would give only the minimum clearance en- 


countered in the interval between insertion and removal. The 
variation of clearance with time and operating conditions of 
the machine cannot be determined with this single reading. The 


mechanical probe again has the disadvantage of being applicable 
at relatively low temperatures and slow speeds since the operator 
is required to be alongside the machine to make the reading. 
Modern steam and gas turbines and axial-iiow compressors 
operate at high speeds and temperatures and, in many cases, are 
tested in well-rotected test cells from which the test personnel are 
barred while the unit is under operation, This means that the 
clearance cannot be measured directly by the tester but some re- 
mote indicating instrument must be used if information on the 
clearance as a function of operating conditions is to be made 
available This information, 
with the performance data, may provide the basis for im- 
proved design so that the efficiency of the machine may be in- 


creased, 


to the engineers for analysis. 


DEVELOPMENT OF MecCHANICAL Heap 


After studying several possible systems, the mechanical probe 
was decided upon as the most practical to use, The system de- 

! Mechanical Section Head, Thomson Laboratory, General Elee- 
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Tip Clearances of Axial-Flow Compressors 


By A. W. BRUNOT!' anp R. O. 


‘ 


A Clearanceometer for Determining Blade- 


FULTON,? WEST LYNN, MASS. 


sired was one which could be operated remotely and read re- 
motely. The necessary parts of this system were a probe, a 
means for driving the probe in and out, a sensing system to in- 
dicate contact and stop the probe, a fixed reference point, and 
finally a simple control system. 

After deciding to use a mechanical probe, a material for the 
The material desired was one which 
Several 


probe had to be chosen. 
would not cause any nicking of blades in the compressor. 
materials were suggested but, over-all, nickel seemed to have the 
Nickel 
properties of a good rubbing material and is soft in the annealed 


best properties for this application. possesses the 


state. The next consideration was the system for driving the 
probe. A reversible synchronous motor was chosen for the drive 
since this would allow time to be used as a base for indicating the 
distance the probe traveled. A rate of travel for the probe was 
of primary importance because if the probe fed too fast there 
would be too much shock on the probe at contact with the blades, 
and if too slow the measuring time would be unreasonable 
Considering that blade tips passing at the rate of 7000 per sec 
and 0.9 of the periphery is space, there is a very good chance of 
feeding down in between blades if the probe were fed too fast 
Runout and high blades also were considered as factors limiting 
the feed rate. 
ble rate although at times this seems extremely slow. 


A rate of 0.250 ipm was decided upon as a reasona- 


The method used to drive the probe was a lead serew which was 
operated by a geared-down shaded-pole reversible synchronous 
motor. The probe was insulated from the lead screw to permit 
it to be used as a sensing element to determine contact, 

To this point we have a mechanical probe of nickel driven by a 
reversible synchronous motor through a lead screw at the rate of 
0.250 ipm. 


micrometer is not much good without an anvil or reference plane, 


This is simply » motor-driven micrometer, and, as a 


a reference was established on the clearanceometer to make it use 
ful asa measuring device, ‘The reference point took the form of a 
movable flag which could be op. ated by means of a solenoid 
through mechanical linkages to cover or uncover the probe open- 


ing as desired, This flag acts much like an anvil on a microme 


ter giving an automatic zero every time the probe is used 
This also compensates for any wear which may take place on the 
tip of the probe 

Several variations of the measuring head have been made with 
many changes possible to adapt this head to several measuring 
problems. Two major designs have been made which are shown 
in Figs. 1 and 2, each with many possible variations in the adap- 
ters to take care of mounting problems which might be en 
countered. Tests have been run with the head operating at 
—65 F in a cold chamber and, with a 15-watt heater installed in the 
vicinity of the motor gear box, the unit operated satisfactorily 
with the proper low-temperature lubricant. This latter condi- 
tion was imposed by high-altitude testing and cold-cell testing of 
compressors. 


oF Conrro. Circurrs 


With the mechanical head decided upon, the next objective 
was to control it with an electrical circuit which would operate 


remotely and simply. The possible eyeles were analyzed and the 
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evele decided upon to be used first followed this sequence of 


events: 


Probe fed in 

Contact indicated 

Probe retracted 

Measuring counter started to add, 

Probe reversed again 

Flag dropped in front of probe 

Measuring counter reversed to subtract. 
Cycle completed when probe contacts flag. 


This evele required a two-direction indicating device for in- 
dicating probe travel. The indicator originally used was a clock 
with the hour hand removed and the second hand geared to a 
reversible svnchronous motor to indicate 0.OOL in. for each second 
graduation on the clock face. This was replaced by a counter at 
a later date for convenience in reading. 
A second cycle, presently used, was adopted for several rea- 
sons, the principal one of which was the desire to set a given clear- 
ance to determine a safe minimum without operating the com- 
plete eyele. This evele is substantially the same as the first one 
except the measuring evele starts from the final position of the 3. 4 Conestaverion Detarts or Mrascrinc Heap Shown 
first cycle, that is, at the flag; and the measurement is taken to IN Fie. 2 
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the contact point. This eliminates the need for a reversible | This contact reduces the bias voltage ou the grid of the thyratron 
counter as the measurement from the flag to contact is the de- tube V2, causing it to fire. This action causes the relay KL to 
sired measurement. ‘nergize, which simultaneously reverses the probe motor CDM2 

Although the two cycles are similur, an extra relay is necessary 
in the control circuit for the second cycle. 

The basic cycle remains the same for the two systems used and 
it is controlled by an electronic cireuit which employs five inte- 
grated circuits. These are as follows: 


1 The d-e power supply. 
2 The probe drive. 

3 The sensing circuit. 

4 The indicating circuit. 
5 The flag-contro] circuit. 


=. 
The d-c power supply is used to energize a d-c relay whicl 


controls the direction of the probe motor. It is also used as 


energizing voltage for a thyratron tube which is the heart of the 
sensing circuit. The thyratron tube is a tube capable of acting 
an electronic switch. By maintaining a voltage from cathode t 
the plate, current flow can be controlled by the bias voltage 
This effect is used for a very sensitive sensing device as the bias 


voltage is impressed on the probe which, when grounded, mo- 
ontTROL Box Usep ro Pour Measuring 


mentarily decreases the bias voltage of the thyratron, allowing 
; ULTANEOUS 


the tube to fire or conduct. After the thyratron fires, it remains 
conducting until the plate circuit is interrupted when it again be- 
comes nonconducting if the bias voltage returns its original value 
The current which energizes the relay controlling the probe 
motor must pass through the thyratron tube. This occurs only 
when the tube has fired. When the thyratron is conducting 
after the probe makes contact with the grounded rotor, the relay 
is energized which reverses the probe motor and the probe is with- 
drawn. To cause the motor to feed the probe forward again, the 
thyratron plate circuit must be opened to interrupt the current 
through the probe-motor relay. This is accomplished by a 
microswitch located in the mechanical head. This switch is 
opened by the retracting probe thus allowing the relay to return 
to its starting position, energizing the probe motor to drive it for 


ward, 
The cireuit controlling the counter motor and the flag can best 
be followed by examining the wiring diagram shown in Fig. 5 


120 AC 


hig. 7) Rean Virw or Controt Box 


Pig. 5 Senematrie Disaram or Conrro. Cireurr 


The measuring head, Figs. 1 or 2, is connected to the control bo 

Figs. 6, 7, and 8 by an eight-lead cable and 120-volt a-c power is ple 

supplied to the control boy, The control unit is energized 

closing switch Sl. After the d-« power supply has had time t : ae t 

warm up, the unit is ready for operation, 


When the measuring evele is to begin, switches S2 and S3 ar ed . 
closed. At this position all three relavs are de-energized and thi 
forward field of the probe motor CIDM2 is energized causing the 
probe to feed into the rotating blades until contact is made Pia. 8 Borrow View or Controt Box 
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withdrawing the probe, starts counter motor CDMIL which 
causes a positive reading on the counter, and energizes relay 
K3 which is locked in by a contact on K3, 


relay K2 to be energized when relay K1 is de-energized. 


This will allow 


The probe continues to retract and the counter to advance un- 
til the microswitch MS, which is installed in the measuring head, 
is opened by the retracting probe. This simultaneously opens 
the thyratron circuit and de-energizes K1, which energizes K2, 
thus opening the reverse field of CIDM2, energizes the forward 
field of CIDM2 starting the probe inward again, energizes the 


flag solenoid, FS, which places the flag across the probe path, and 
reverses the counter motor CIDDM1 which causes the counter to 
subtract. These motions continue until the probe contacts the 
flag which again fires the thyratron energizing K1 causing the 
forward probe motor CDM2 to stop and causing the counter 
motor CDM1 to brake by energizing the two opposing fields. 
Chis completes the cycle and the unit remains stopped until 
awitch S2 is opened and closed again to start the measuring cycle 
When the cycle has been completed the counter motor shows 
the distance from the contact point tothe plane of the flag, as the 
distance the probe traveled past the flag in the reverse direction 
was subtracted from the total travel in the reverse direction from 
the point of contact with the rotor blade 


casing one more dimension must be known, that is, the distance 
from the fece of the flag to the inside surface of the casing. This 
is determined by using two known dimensions, (a) the thickness 
of the casing at the mounting position, and (4) the instrument 
constant which is the distance from the shoulder on the adapter 
to the face of the flag. The constant used to determine clear- 
ances is found by subtracting the instrument constant from the 
casing thickness, 

There are several variations of this circuit which have been 


made to accomplish other cycles of operation. One, previously 


. mentioned, incorporates a fourth relay to control the counter 


motor and changes the cycle to permit the reading of the probe 


travel from the flag to the blade instead of the method deseribed 
Another variation is the use of a third switch to stop the probe at 
any 


predetermined clearance setting. In addition, a system 


which would allow a checking device to give an over-all test of the 


circuit without the necessity of feeding the probe into a rotating 
biade was desired, This was accomplished by a shorting switch 
in the sensing cireuit to simulate the contact of the probe and 
blade. 

There is one more change in the cycle which has been suggested 
which would allow this instrument to approach the type of meas 


urements desired, This is a system for oscillating the probe to 
take a reading and back off a known distance and recontact the 
blades in a succession of readings to get several points close to- 


gether. Although this would cause some inaccuracies to occu! 


experience has shown that a single contact of the probe only re- 
moves a very small quantity of material from the probe tip so 
\ that a series of 10 to 20 contacts could be made before returning to 
the reference flag without appreciable loss of accuracy, 
Mernops or Use 


The principal use to which the clearanceometer has heen put is 
the measuring of operating clearances of blade tips in axial-flow 
compressors. ‘To use either type of clearanceometer a special 
mounting hole must be made in the location where the measure- 
As mentioned previously, this mounting adapter 
How- 


j 


ment is desired, 
may be changed in many ways to suit given conditions. 
ever, the two types which have found acceptance for the testing 
which has been performed are shown in Figs. 1 and 2. Fig. 1 
shows a threaded adapter with a °/-in 16 thread, and Fig 
2? shows adapter of a flange tvpe which must have a flat section 


To determine the clearance between the rotating blades and the 


JANUARY, 


The lengths 
of the projections have been specially chosen for the compressor 


with an "/j.-in. hole to pass through the casing. 


casings used. 
The change of clearance on axial-flow compressors is caused by — 
The 
instrument described will measure clearances with an accuracy — 
of + 0.001 in. at the location chosen for study. There is =, | 
assurance that this is the absolute minimum clearance since = 
there may be variations around the periphery due to local changes — 


temperature changes, centrifugal effects, and pressure. 


in casing deformation. ; 

The clearances, measured under stabilized conditions, of an ff 
axial-flow compressor in the 2nd, 6th, and 11th stages are shown | 
An increase in clearance as the speed increases is 
shown in the latter stage. This is not necessarily true in all 
Another compressor shows a reduction of clearance — 


in Fig. 9. 


compressors 
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in the 11th stage with the increase of speed as shown in Fig. 10 
This is more nearly the ideal condition as higher speeds of a com- 
pressor cause higher pressures and less loss in efficiency , will 
occur with lower clearances on the latter stages. 

An interesting use of the clearanceometer is to make a clearance 
versus time run with speed changes made after equilibrium has 
Fig. 10 shows such a curve determined by operat- 
idle speed until equilibrium and then 
rapidly accelerating to top speed, taking clearance readings at 


been reached. 
ing the compressor at 


equilibrium, reducing speed to 
This type 
of test will show the effect of centrifugal force, temperature 


intervals; then after reaching 
idle and taking another series of clearance readings 


effects on the stator and rotor, and effect of pressure changes 
Fig. 11 shows a similar curve on a different compressor. 

The greatest effects seem to be due to temperature on compres- 
This effect is clear in Fig. 11 where 
clearance and temperature curves have the same shape and is 


sors which have been tested, 


shown more clearly in Fig. 12, which shows a plot of temperature 


of the casing versus clearance between the blade tip and casing. 


4 
s. 
STAGE 
i 
seep. 
| 


BRUNOT, FULTON —DETERMINING BLADE-TIP CLEARANCES, AXTAL-PLOW COMPRESSORS 5 


“6 
Ss, 
30 
; | | 
rs) 4 6 16 20 24 28 32 36 40 
ELAPSED TIME-MINUTES 
Fic. 11 Grapn SHowine or Rapip DeceLeration on Tip 
CLEARANCES 
116.1 14.0!22 JENGINE SPEED 
we 2, RPM*1000 
aa “| 1 
ne 
4 
= 
= 
= | q 
4¢ 
| | 
6*O 10 20 30 40 50 60 70 80 90 100 
ELAPSED TIME-MINUTES 
Fie. 12) SHowine Castine TemMpeRATURE Tip Ciear- 


AND SPEED 


ANcES Versus Time 


As in most instruments, there are limitations and precautions 
in their use and this instrument is no exception, Some of the 
precautions in the use of this instrument are obvious and others 
have been acquired through experience, The time of reading 
is one factor which should be taken into consideration when 
installing this instrument. As the travel is only 0.250 ipm, the 
closer the starting position of the probe is to the blade tips the 
shorter the time cycle of measurement. The flag is the limiting 
factor in setting this distance as it is approximately 1/). in. 
thick; thus the minimum travel whieh could be established is 
this '/i;¢in. plus the clearance of the blade tips. As the probe 
must travel in and out this '/\s in. plus clearance, the minimum 
reading time The 


must be known within the accuracy of measurement desired 


can be computed, instrument constant 


and the installation constant must be determined before the 


readings are of any value, The determination of these constants 
was discussed previously 

Another consideration which should be noted is that the mount- 
ing of the instrument should not bind the adapter in any manner 
as this may cause the flag to bind and give false readings or cause 


damage to the instrument, 


Resutts From Use or Tuts INsrRUMENT 
The determination of operating clearances has enabled the 
design engineer to control the compressor clearances accurately 
by controlling factors which affeet the clearances of an axial-flow 
compressor, Thus more efficient axial-flow compressors can be 
made by reducing thet ip Clearances under all operant ing conditions 
and still maintain some clearance to avoid rubbing. 

The advantage of knowing the clearance of any axial-flow 
compressor under all conditions of operation is not yet a reality 
because the instrument in its present form is not readily adapted 
to flight testing owing to the power requirements and the auxiliary 
equipment required to operate the instrument, 

This disadvantage of weight and power for flight-test informa- 


tion will he overcome in the future by a simpler system for meas- 


uring clearances. However, for accuracy and simplicity in 
test-cell operation this instrument does the work required, and 
the data which have been accumulated in numerous tests have 


proved the value of such an instrument 


Discussion 
a@e 


B. R. ANpEeRSON.* 
ances can be measured so that the compressor may be operated 
without 


It is important that rotor-blade tip clear- 
at minimum clearance insuring maximum efficiency 
the possibility of rubbing. 
this paper has measured these clearances satisfactorily and has 


The clearanceometer described in 


proved itself in giving important and useful information to de- 
sign engineers, 

This instrument has several advantages over other systems. 
The simplicity of both the mechanical head and control circuit 
makes it a practical instrument to use. This is an important 
feature when it is necessary for nontechnical personnel to operate 
and service the instrument, The simplicity of the unit likewise 
leads to a rugged and durable instrument. Because of this the 
mechanical head can easily withstand the vibration and other 

The accuracy of the readings 
£O.001 in. 


authors point out, reference measurements first must be made 


severe operating conditions 
is excellent, giving errors of only Hlowever, as the 
Then, since the control 
Only 
the speed of the probe need be known, and this is always con- 


between the reference flag and blade tip. 
cireuit contains no amplifiers, no calibration is necessary. 


stant, 

As for disadvantages, the first is the seemingly long time one 
This is due to the fact that the probe 
Therefore, if the tip clearance is, 


must wait for readings. 
travel is only '/, in. per min. 
say, 0.1 in., the total time between readings is at least 


2/1/4 X (tip clearance + flag thickness) 


8 (0.1 + 0.062) = 1'4 min. 


This assumes that the inside face of the flag is exactly flush 
with the inside surface of the compressor casing and that the 
flag is dropped immediately in front of the probe when the probe 
not 


is retracted far enough. This long length of time may 


necessarily be a disadvantage if the changes in clearance are 
This is not usually the case though if an engine is started 


Therefore the 


slow, 
cold and immediately brought up to full speed 
best application for this type clearanceometer would be for meas- 
uring clearances under stabilized conditions, or clearance versus 
time measurements when the time involved is 10 min. or greater, 
Another disadvantage is that the instrument eannot measure 
turbine-bucket clearances because of the high gas temperatures, 

The clearanceometer is a useful and practical instrument. 
Any other insirument which could be built to give continuous 
indications or more accurate readings probably would be so com- 
plicated in design and costly to build as well as difficult to use 
and maintain, that its general usefulness would not be as great 
as the probe-type clearanceometer, 

S. M. Conen.4 Although the paper presents the clearance- 
ometer as used to measure the tip clearance of axial flow 
compressors, its application can be more widespread than this 
as presented, the device is of 


one function. However, used 


great value to the design and development of the gas-turbine 
engine by providing a means of obtaining accurate information 
from an engine under actual operating conditions 


The authors not only state their understanding of the appli- 


* Flectro-Mechanical Unit, Lockland Plant Laboratory, Aireraft 
Gas Turbine Division, Cincinnati, Ohio. 
4 Curtiss-Wright Corporation, Wright 


Wood-Ridge, N. J. 


Aeronautical Division, 
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cation of the clearanceometer, but offer modifications in design 
that will improve the over-all utility of the instrument. Their 
suggestion that a revision in the control circuit be made to make 
possible a greater number of readings per unit of time by cycling 
the movement of the probe from a known secondary position 
This 
also would allow the mechanical head to be mounted further 
Direct readings 
may not be possible with an oscillating prove, but oscillographs 


would eliminate the disadvantage of the probe speed, 
from the position of actual measurement, 


or similar recorders could be used to measure more transient 
conditions of engine operation than are now possible. 

If minimum clearance or casing distortions are to be investi- 
gated, the clearanceometer is unwieldy by nature of its fixed 
position. Of course, several heads mounted in the same lateral 
plane could be used to indicate the amount and location of 
minimum clearance, the distortion of the mounting shell, and the 
concentricity of the rotor 

This paper demonstrates effectively that temperature and rotor 
speed are the prime factors in changes in compressor-tip clear- 
ances, Since these effects are equally important in the turbines 
that drive the compressors, an investigation of turbine clearances 
would yield valuable information. Here the factors of cireum- 
ferential temperature distribution and, perhaps, cooling air 
flow with the resulting shroud or housing distortions are intro- 
duced that need evaluation at all operating conditions of the en- 
gine. If turbine temperatures are too severe for the mechanical 
and electrical mechanisms of the measuring head, cooling modi- 
fications could be made to accommodate the requirements of 
turbine Another interesting  possi- 
bility mentioned for use of this clearance-measuring device 
is the application to a flight test engine. Investigation made 
under flight maneuvers with an oscillating probe would be of 


clearance measurements 


unquestionable value. The clearanceometer is a cleverly con- 
ceived and developed electromechanical instrument that accom- 
readily 
The possibilities in its future development will mean an increase 


in the scope of information available for analysis. 


plishes valuable measurements not before obtained 
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The disadvantage of time of reading as pointed out by Mr. a 
Anderson is not as critical as might be supposed for gas-turbine 
compressors. The curves in Fig. 11 indicate that there is o 
period of approximately 5 min in which the clearance is changing | 
from maximum to minimum for a rapid shutdown which would 
give the maximum change in clearances. By having the flag of | 
the clearanceometer mounted flush with the inside of the casing, 
clearance readings up to 0.060 in. may be taken in 1 min, giving | 
a possibility of taking five readings over the entire time of change. 
With such slow changes taking place it is only necessary to 
mount the clearanceometer properly to achieve the desired 
results. 

The desirability of measuring turbine-bucket tip clearances 
has been considered in the design of the instrument and pro-— 
visions have been made for air cooling the adapter. In the only” 
attempt known to the authors to use this instrument for measur-_ 
ing turbine clearances, the probe was extended too far and no_ 
cooling air was used which resulted in a jam, caused either by the 
hot gases or contact with the bucket, and the probe was bent so _ 
that it could not be withdrawn. Further attempts will be made 
to obtain this measurement with this clearanceometer by the 
application of improved techniques. 

As pointed out by Mr. Cohen, the determination of the mini- 
mum clearance point is difficult. To sean the clearance properly 
it would be necessary to have the gage rotate with the wheel 
Since no gage has been proposed which will do this, it is necessary , 
at least for the present, to measure as many points around the 
circumference as possible. From these readings the minimum 
clearance may be estimated which is much better than no measure- 
ment at all. he problems encountered in flight-testing meas- 
urements with this clearanecometer haze not been solved satisfac- 
The power supply on planes is not satisfactory for the 
Also, the psychological effeet on the pilots 
A new 


torily. 
present design.. 
of a probe moving in on blades has to be overcome. 
principle is now being investigated for flight-test use which will 
oyercome these objections. 

The possibility of using the oscillating probe has not been 
attempted as yet, but if it is used, it will only be necessary to 
record the maximum reading of the counter for each oscillation 
as it would be synchronized with the motion of the probe until 
the probe was brought back to the reference. 
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Factors which favor the use of thermocouples as con- 
trol-system elements sensing exhaust-gas temperatures 
in aviation gas turbines are presented, as well as the de- 
velopment of a construction having adequate strength to 
withstand vibration. The authors give analytical and 
experimental determinations of the time constant of 
thermocouples and present a mathematical analysis of 
the effect on time constant of conduction along the ther- 
mocouple wire to the support. The paper also includes a 
discussion of the recovery factors of thermocouples and an 
evaluation of the error introduced when a number of ther- 
mocouples that read different temperatures are connected 
in parallel. 


INTRODUCTION 


HE thrust of turbojet engines has been increased substan- 
tially by burning additional fuel in an afterburner. The 
greatest thrust is produced when the turbine inlet or firing 
temperature is maintained at the maximum specified value for 
all operating conditions. 
the jet-nozzle area more or less proportionally to the fuel burned 
in the afterburner. 


To accomplish this requires increasing 


The balanee between these two factors is 
maintained by a control system which senses the temperature of 
the gases discharged from the turbine. In order to prevent large 
overtemperature surges during the transient the 
thermocouples must respond quickly to a change in exhaust-gas 
temperature. By improving the stability of the entire system, 
fast response reduces the possibility of hunting and overheating 
of the engine. 
cycle and control is indicated by the fact that volume flow of hot 


operation, 


The magnitude of the transients imposed on the 


gas flow is doubled by maximum afterburning, and that the jet- 
nozzle area must be increased by nearly 50 per cent to pass this 
increased volume flow. 

Even during normal or unaugmented operation there are prob- 
lems which are partially or entirely solved by a control which 
adjusts jet-nozzle area or engine speed so as automatically to limit 
the maximum Among these prob- 
lems are the following: 


exhaust-gas temperature. 


1 At a fixed speed, the turbine-inlet temperature tends to 
change with ambient temperature. 


2 
increased pressure ratio across the jet nozzle. 


The flow coefficient of some jet nozzles increases with 
Higher flight 
speeds increase the jet-nozzle pressure ratio and therefore the 


1 Design Engineer, Genera) Electric Company. 

2 Design Engineer, General Electric Company. Jun. ASME, 

Contributed by the Aviation, Industrial Instruments and Regula- 
tors, and Gas Turbine Power Divisions and presented at the Semi- 
Annual Meeting, Cincinnati, Ohio, June 15-19, 1952, of Taz Ameri- 
CAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
April 14, 1952. Paper No. 52--SA-35. 
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effective flow area of the nozzle. Adjustment of jet-nozzle flow 
area or speed is necessary to maintain the exhaust-gas tempera- 
ture constant. 

3 
ration of the jet-engine components, an increase in jet-nozzle area 


When operating conditions are such as to cause deterio- 


is required to keep exhaust-gas temperatures within specified 
limits at maximum engine speed. 

4 Higher peak temperatures for short durations make availa- 
ble higher acceleration torques, provided compressor and other 
components have sufficient operating margins. However, there 
is a hazard to buckets and other parts exposed to the hot gas if 
excessive temperatures persist too long. [Experience and testing 
usually determine the permissible values 


REASONS FoR OF THERMOCOUPLES AS CONTROL-SyYsTEeM 
SENSING E.xnaust-Gas TEMPERATURE 


The principal advantages of thermocouples for measuring the 
exhaust-gas temperature of aircraft gas turbines are as follows: 


1 The construction is relatively rugged and is able to with- 
stand the vibrations to which the thermocouples are subjected. 

2 
haust gases. 
temperature. 

3 
appropriate amplifying equipment, and there is but little change 


The bare thermocouple wires can be exposed in the hot ex- 
This reduces the time constant for changes in gas 


A relatively high degree of accuracy can be maintained with 


of calibration, 

4 When the average gas temperature is desired, a number of 
thermocouples may be connected in parallel to provide an average 
reading with small error. An open-circuit failure of one thermo- 
couple causes little or no error in temperature measurement 

5 In field service, thermocouples can be replaced readily if a 
change is necessary. 

6 The cost is moderate. 

Recent developments in methods of converting and amplifying 
small d-e voltages have gone a long way to remove an early 
difficulty of using thermocouples in control circuits. Electro- 
magnetic and electronic devices having no moving parts and util- 
izing voltage or current references as standards have been applied 
successfully to the amplification of the small error voltage ob- 
tained from balancing the thermocouple electromotive force 
(emf) against the standard. end 

Description OF TiterMocouPLe 


Chromel and alumel have been favored because their character- 
istics are good in the temperature range of exhaust gases. The 
relatively large electromotive foree developed by this combina- 
tion is of course desirable. Chrome! and alumel ave relatively 
stable up to 1800 F and even a little higher for short periods. The 
thermocouples are installed in the exhaust cone or tail pipe up- 
stream of any injection of fuel into the exhaust system to aug- 
ment the thrust by afterburning. Consequently, the thermo- 
couples are not exposed to the afterburner-exit blasts which may 
approach 3500 F 


Fast Thermocouples as Control-System 
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In the vicinity of the hot junction the round thermocouple wire 
is flattened so that in the cross section the width is approximately 
twice the thickness. The loop is formed so that the long dimen- 
sion is parallel to the axis of the loop. The plane of the loop is 
located perpendicular to the direction of the gas stream, which 
places the narrow dimension of the wire perpendicular to the gas 


stream, 
The advantages of the loop-junction construction are as fol- 


lows: 


1 The response rate is improved, primarily because the flat- 
tened wire has greater surface heat-transfer area per unit of wire 


mass. The exposed or naked wires have no entwining mating 


wire to reduce the gas velocity over the surface. 
2 The aerodynamic drag is reduced because of the improved 


streamline form of the flattened section. There is also a redue- hic. 1) THermocovur.e or Loor-JUNeTION CONSTRUCTION 
tion of frontal area, because of the flattening. The aerodynamic 


force on a round wire is mostly form drag which is parasitic in 


nature, contributing little to the heat-transfer process. 


3 Improved mechanical construction is provided by the loop 


construction. The increase in wire width in the direction of the 


principal aerodynamic forces increases the rigidity and reduces 


the bending stresses in the wire. An additional benefit is that the 


natural frequency is raised. If the comparison of mechanical 


strength is made on the basis of equal time constants, the loop 


construction can be made of heavier wire, and this contributes 


toward increased mechanical strength. 
4 <A superior junction weld is produced by the butt-welding 


| 


possible with the loop construction 
5 There is reduced working of the wires in fabrication. This 
avoids the large strains and stresses caused by tightly twisting 


wires together. 
Fig. 1 shows a thermocouple having the loop-junction con- 
struction. Fig. 2 shows a typical installation of a section of the 
exhaust pipe. There are 14 thermocouples in all. Seven equi- 


spaced thermocouples are connected to the bus bars enclosed in 
of the circular rings, and are connected as temperature sensors Pig. 20 Tyrrean INSTALLATION oF Seerion oF Exnausr 


in the control circuit. The other seven equispaced thermocouples 


prec rete » bus bars he other circular ring, whie 
are connected OF ilar ring, which in which places the thermocouples only about 15 in. downstream 
turn is connected to the temperature indicator fromthe turbine. Therefore other solutions to the vibration prob- 


lem had to be found than merely locating the thermocouples far 


Forcep VIBRATION oF THERMOCOUPLES 


downstream 


} A major problem was that of obtaining adequate endurance Methods were developed of reproducing in the laboratory the 
from the thermocouples when mounted in the tailcone of the tur- types of vibration which occur in the tailcone during engine opera- 

7 ~bojet. An early design of thermocouple was found to give satis- tion. Measurements under these conditions showed a large 

} — factory endurance when mounted in the tail pipe close to the jet number of resonances in the taileone structure such that all sur- 

) nozzle. However, mounting the thermocouple in the taileone was faces are highly active at one frequency or another. Since a wide ‘ 
found to reduce the life substantially band of frequencies is known to be present in the exciting forces 

The first type of thermocouple applied to gas turbines used — of the gas stream, it appears that no part of the tailcone will re- 
conventional two-hole insulators to separate the wires from each — main inactive and hence there is no ideal location for placement 


_ other and from the supporting metallic sheath. When installed in of thermocouples or similar instrumentation 
the tailcone of turbojets of increased rating, the vibration was fre- Circular stiffening bands located close to the thermocouples 
quently so severe that the insulation severely chafed the wires, — have been found to be effective in reducing the vibration at the 


resulting more or less in the complete abrading away of wiresin a — bosses where the thermocouples are mounted. Insulating 
relatively short while. An appreciation of the importance of — blankets fitted snugly to the outer surfaces of tailcones were 
avoiding relative motion between the wires, insulation and sup- found to improve the life of some of the earlier and less robust 


port tubes led to the development of a construction using mag- — types of thermocouples. 
‘nesium oxide as a filler which is swaged to form a strong bond be- 


Rate oF RESPONSE 


tween wires, insulation, and outer tube. 
An experimental investigation of the vibration of the thermo- Satisfactory exhaust-gas temperature sensing for aircraft gas- 
couple mounting bosses on the tailcone disclosed vibrations at a — turbine control systems requires rapid rates of response. A series 


high frequency. The resulting accelerations were in the hundreds — of actions often occur sequentially in « seryomechanism or con- 
of g. The accelerations resulting from vibrations were found to trol system. This means that the time delays of those elements in 
decrease with increased distance from the turbine. However, — series are added together. An example of this is one arrangement 
when afterburning is used to augment the thrust, the thermo- — of controls for an electric actuator operating the variable-area jet 
couples ace located upstream of the burning in the afterburner, — nozzle. When fuel is introduced into the exhaust system for pur- 


| 
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pose of thrust augmentation by afterburning, there is a large 
momentary rise in exhaust pressure when this fuel ignites. To 
keep the engine speed substantially constant requires a momen- 
tary large increase in fuel flow to the main engine combustion sys 
tem. This of course produces a very rapid increase in exhaust-gas 
temperature. There is a time delay during which the temperature 
of the sensor is following the abrupt rise in exhaust-gas tempera- 
ture. The more time delay here means more delay before the ae- 
tuator moves the variable-area jet nozzle at a rate and to the ex- 
tent which ideally would be required by the sudden change in ex- 
haust-gas temperature. Adequate protection of the gas turbine 
of course requires that the cumulative time delays of temperature 
sensors plus other elements in the system be less than the time 
constant of the metal parts exposed to the hot gas streanis. De- 
creasing time constants is fundamental to reducing the magnitude 
of overshoot transients. 

Time delays may have an adverse effect upon the stability of 
servomechanism and amplifying systems. This problem may lx 
particularly acute when the phase shift due to time delays make= 
amplifiers having feedback unstable for part of the frequency 
range of applied signal. 

Exposing the thermocouple wires directly to the high-velocity 
gus stream has a very favorable effect in reducing the time con- 
stant. This of course is due to the relatively high surface heat- 
transfer coefficients when hot gases flow across the thermocouple 
wires, The design is made to take the best advantages of heat 
transfer. 

The time constant 7 is defined as the time required for the 
junction temperature to change 1 — (1/e) = 0.632 of its final 
change when an instantaneous change in gas temperature occurs. 
Theoretical analysis for the time constant is given in Appen- 
dix 1. This derivation neglects any axial conduction effect, and 
assumes that the thermal properties are constant. The following 
equation shows the relationship of factors which define the time 
constant 7. Fig. 3 exhibits the manner in which the thermo- 
couple temperature varies with time 


ra 
ha 
where 

hk = surface heat-transfer coeflicient 

A = surface area exposed to hot gas per unit length of wire 

c = specific heat of wire 

v = volume of metal per unit length of wire 

p= density of wire 


The accuracy to which the heat-transfer coefficient is known is 
the major factor influencing the accuracy of the caleulated time 
constant. For a particular thermocouple, the heat-transfer co 
efficient is a funetion of the gas-weight velocity per cross-section 
urea, as shown in Fig. 4. The time constant, in general, will vary 
inversely as the square root of the gas-weight velocity per eross- 
section area. This simple relationship can be used to extrapolate 
experimental data. 

The effect of radial conduction in the the rmocouple wites has 
been found to introduce an error of less than 0.5 per cent for « 
typical ease, This result justifies ignoring this factor. 

Fig. 5 shows a comparison of experimental and calculated 
time constants for a particular thermocouple over a range of gas 
weight velocity. The graphical curve was calculated by the 
Schmidt method.’ 

Since the thermocouples are subjected to a large amount of 


‘ vibration, there is a real possibility of fatigue failure of the ther- 


mocouple wire or disintegration of the surrounding packed in- 


“Heat Transmission,’ by W. McAdams, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1933. 
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the turbojet has eight can-type combustion chambers, a reasona- 
ble arrangement which has given good practical results is the use 
of seven thermocouples located at equal circumferential inter- 


vals. 
When a number of thermocouples that read slightly different 
temperatures are connected in parallel to a bus bar which has ap- 
preciable resistance relative to that of the individual thermo- 
couple, the voltage on the bus will vary with position. The ratio 
of the bus-bar resistance to thermocouple resistance must be made 
smal! enough to reduce this difference from the average voltage to 
within a specified allowable error. 
If a temperature distribution is assumed as shown in Fig. 7, _ 


TIME CONSTANT -SECONDS 


HEATED LENGTH FROM HOT JUNCTION OF THERMOCOUPLE— 
WIRE — INCHES 
Kesronss or Typican Swacep MacGcnesia THERMoceo: ele 
IN AN Gas-TuRBINE TAILCONE 


DOUBLE AMPLITUDE 
TEMPERATURE VARIATION 


sulation. ‘These hazards are of course reduced if the length of the : 
unsupported wire is kept small. The rate of response is slowed if 


TEMPERATURE ( OR VOLTAGE ) 


shown in Fig. 6. Evidently the loop length can be reduced te ap- 
proximately '/, in. without increasing the time constant. 


L 
7 


the unsupported length is made too short, the relationship being j 

As 

5 


6 
in the unsupported THERMOCOUPLE POSITION 

nyt 8 ade ng enough to av y 
length is mia ong enough to any significant loss in re ApproximaTs TemPerature Distripution ix Circus 
sponse rate due to axial heat conduction to or from the junction FERENTIAL DIRECTION 

The analyis of this heat-conduetion problem is given in Appeiadix 


Recovery OF THERMOCOUPLE 
\n ideal temperature sensor in aireraft gas turbines will read 
total temperature (static temperature plus the kinetic energy of 
the moving gas stream). The actual thermocouples read a tem- 


RATURE VARATION 


AMPLITUDE TEMPE 


perature somewhere between the static and total temperatures 
The recovery coefficient is defined as 


THERMOCOUPLE ERROR 


Thermocouple temp static temp 
DEGREES AROUND 


Total temp—statie temp 
PERIPHERY 


‘Tests have shown that most thermocouples used in aircraft gas | | 
turbines have a recovery coetlicient of around 0.8. A fast-re- oe 
sponse thermocouple, as shown in Fig. 1, has a recovery coefficient | i 
of 0.7, whereas a slow one can be as high as 0.98. a 

A high-recovery-coeflicient’ thermocouple usually will have a 
low heat-transfer coefficient between the gas and thermocouple. . 


A low heat-transfer coefficient will cause a thermocouple radiation 


ERROR INDEX ( 


hia. Prov SHowixna Error in THermocovete Bus Inpica rep 
ArouNpD Perivaery or Gas-Tursine Tain-Pirk 
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error (to the taileone ). 

"Thus the thermocouple that has the greatest accuracy will not 
have a recovery ¢oefficient of 1.0. Some lower value will give the 
best compromise between radiation error and recovery error 


LARGEST ERROR 


“Testa have shown this to be true 


DOUBLE AMPLITUDE TEMPERATURE VARIATION 


fi, 


Accuracy Or PARALLEL ARRANGEMENT 


With gas turbines having individual can-type combustion el 
chambers, there is a periodic variation of exhaust-gas temperature 
ina circumferential direction, For example, when eight combus- 
‘tion chambers are used, the temperature-distribution-pattern 
characteristic of the burner is repeated every '/s circumference 
around the tailcone or tail pipe. There also are large temperature 
variations in a radial direction. In order to determine an average 


NO 205: 

RESISTANCE RATIO. THERMOCOUPLE RESISTANGE ) 
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THERMOCOUPLE ERROR 


temperature, it is necessary to use a number of thermocouples so te, $+ 


—jocated and connected as to average the group properly. The LARGEST ERROR TA 


location of these thermocouples, which are usually connected in | 
parallel, is selected so that circumferential shifting of the tem- L 
perature pattern will have the least possible effect on the measured | | 


ERROR INDEX ( 


ave rte ors "he ine i ‘ondition are 
average tempe rature Changes in engine operating conditions ar Fic. 9 SHowmnc Error Bus Inpicatep 
known to change in swirl in exhaust gases and to cause the tem-— TpyperarcRe av Various Taps on Bus as a Function or Re- 
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then the voltage distribution around the circular bus bar is as of Heat in Solids,” by H.'s. Carslaw, Dover Publications, New York, 
> N. Y., 1945. 
shown in Fig. 8. The error of the bus-bar voltage from the average N.Y. l . 
“Tables of Functions,” by Dr. C. Jahnke and F. Emde, Dover 


thermocouple voltage is shown in Fig. 9. This error is a funetion 
of 6, the ratio of resistance of both bus bars to the resistar.ce of the 
seven thermocouples. Fig. 9 is a cross plot of Fig. 8. The prin- 
cipal design variable is 0, and it must be made small enough to 
make the paralleling error less than a specified value 
excessively heavy buses are of course undesirable for aircraft ap- 


However, 


plication. 

Since the temperature distribution shown in Fig. 8 rotates dur- 
ing various operating conditions, the design should be on the basis 
of assuming that the bus-bar tap-off point has the greatest pos- 
sible error. 

There are certain symmetrical arrangements and connections 
of thermocouples which for practical purposes eliminate the error 
resulting from lead resistance. For instance, consider four ther- 
mocouples which are first paralleled in two groups of two thermo 
Now if the mid-points 
of these equal connectors are connected by a third connector as 


ecuples by connectors ef equal resistance. 


bus bar, the mid-point of this last harness is seen to have a sym- 
metrical location with respect to each of the four thermocouples 

The thermocouple location and connections described are in 
tended to average temperatures in a circumferential direction 
Unfortunately, the temperature stratifications in the radial direc- 
tion are not averaged in this arrangement. 

It is desirable to minimize or eliminate entirely the effect of 
lead resistance from the thermocouple to temperature indicator on 
Use of null 


point circuits such as in potentiometers often makes it possible to 


the accuracy of the temperature determination. 
reduce the weight of the lead wires. In this case the lead re- 
sistance affects only the sensitivity or stiffness of restoring forces 

when an unbalanced condition exists 


ONCLUSIONS 


1 Thermocouples have been developed to have adequate 
mechanical strength to withstand the severe vibration to which 
they are exposed in the gas stream. 

2 The time-response rate is sufficiently rapid to permit their 
being used as practical control-system clements sensing exhaust 
temperature, 

3 Thermocouples should be so located in the exhaust-gas sys- 
tem that the average reading is unaffected by changes in the 
amount of swirl in the hot exhaust gases discharged from the tur- 
bine. 

1 Practical means are now available for connecting and am- 
plifying the d-c voltage of the thermocouples so as to make them 
adaptable to control systems. 

5 The hot junction can be extended a sufficient distance be- 
yond the support base to eliminate any appreciable error due to 
axial conduction effects in the thermocouple wires. 

6 Radial temperature gradients in the thermocouple wire are 
small enough to be ignored as a source of error. 


ACKNOWLEDGMENT 


The authors gratefully acknowledge the valuable assistance and 
heipful comments of Drs. H. Poritsky and H. Weil. The 
chanical design was improved by the work of Messrs. J. H. Baker 
and F. R. Sias. Excellent project co-ordination and guidance 
were maintained throughout the development by Mr. R. M 
Strock. 


REFERENCES 


1 “Test of Chromel-Alumel Thermocouples Supplied by General 
Electric Company,” Air Foree Technical Report No. 5738. 
2 “Introduction to the Mathematical Theory of the Conduction 


4 


Publications, New York, N. Y., 1045. 
4 “Gas Tables,” by J. H. Keenan and J. 


Sons, Inc., New York, N. Y., 1948. 


Kaye, John Wiley & 


NOMENCLATUR} 


The following nomenclature is used in Appendix 2: 


a = yadius of the thermocouple wire, ft 
A = arcnof heat transter, sq tt 
A = constantec A 
A’ = cross-section aren of conductor, sq ft 
i ot & 
B = constant 
Ka 


= specific heat of thermocouple material, Btu /lb-deg 


Co, C1, C2. Cm = arbitrary constants 

G = gus weight flow, Ib hr-sq ft 

= heat-transfer coefhicient for sir at deg F, Btu /hr-sq ft- 
deg F 

A = thermal conductivity of thermocouple material, Btu- 
ft/hr-wq ft-deg F 

“L = length of wire from thermocouple junction to magnesia 


shank, ft 


P= perimeter of thermocouple conductor 
= time 
t, = Instantaneous temperature of body 
= afunection oft 
7) = temperature, deg F 
7. = initial temperature, deg F 
= temperature of gas, deg 
« = distance along thermocouple conductor axis, measured 
from junction, ft 
= isa function of x 
Vo= volume per unit length of thermocouple conductor, eu ft 
M;, As, As, = arbitrary constants (all are positive) 
# = actual temperature minus gas temperature 
@ = bus-bar resistance of both bars divided by 7 times 
thermocouple resistance 
p = density, pef 
7 = time constant of thermocouple & 


T, = time constant of magnesia shank 


Appendix 
DERIVATIGN OF Time-CONSTANT FORMULA 
For this derivation of the thermocouple time constant, the _ 


following assumptions are made: 


1 The heat radiated to the walls from the thermocouple has 
little effect on the time constant. : 
2 Temperature differences in the radial direction inside the 


thermocouple wires are negligible. 

3 Temperature differences in the axial direction along the 
thermocouple wires are small, 7 

1 The average thermal properties of the two thermocouple | 
wires are used for the entire thermocouple wire. 

5 The heat-transfer coefficient between the exhaust gas and 
the thermocouple may be expressed as a single value which is the 
average over the surface. 


6 The properties of the body do not vary with temperature 


Let us assume that we have a body receiving heat from a vas 


stream. A heat balance may be written asfollows: 2 


Heat flow rate into body = rate of heat storage 
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where 
h = heat-transfer coefficient between gas and thermocouple 
A ~ heat-transfer area per unit wire length 

= gas temperature 

1, = thermocouple-wire temperature 

¢ = specific heat of thermocouple material 

p = weight density of thermocouple material 

V = volume per unit length of thermocouple wire 
= time 


Rewriting Equation [2], we have 
dt, hA hA, 
dt cpl cpl 
The general solution to this equation is 
—ha 
The arbitrary constant c; may be evaluated from the fact that 
tp = Towhent = 0. Thuse, = 7's 
b 


b 


» Equation [4] may be 
written 
hA 


= 
[5] 


The time constant of an exponential curve such as this is defined 
as the time required for the temperature to change 63.2 per cent 
of its total change. For this to be true, it is seen that 


(6) 
This is, therefore, the time constant 
cpV 


‘ 
Appendix 2 
DereRMiINATION OF Erreer oF AXIAL CONDUCTION ON TIME 
CONSTANT 


It is obvious that some heat will be conducted axially along the 
wire of the thermocouple to be absorbed by the ceramic in the 
thermocouple shank, Tlowever, it is difficult to estimate the effect 
that this will have on the time constant. In order to show the 
approximate magnitude of this effect, the exact curve for a par- 
ticular case may be compared to a true exponential curve with a 
time constant 

cpV 
hA 


The exact curve will be derived with the following additional as- 
sumptions to the ones given in the Assumptions section of 
Appendix 1: 

1 The effect of the steel sheath over the magnesia shank may 
be neglected, 

2 The cooling effect in the magnesia due to the heat con- 
ducted away axially by the lead wires is negligible. 


Fig. 10 shows an enlarged view of the thermocouple wire loop 
which extends beyond the magnesia in the shank, 
Let us write a heat balance for an element of the wire dz in 


length 


(Heat in) (heat out) = (heat stored) : 
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hA(T t,) = cpb [2] 


KA’ 0 4 ae) = A’cpdz 
or Or Ox? or 


[8] 
where 
6 = temperature inside wire above gas temperature 
x = measured along wire axis from thermocouple junction 
’ = cross-sectional area of wire 
= perimeter of wire 
= shank and thermocouple initial temperature above gas 
temperature 
= shank time constant 
= thermal conductivity of thermocouple material anil. 
= specific heat of thermocouple material * 
= weight density of thermocouple material 
= heat-transfer coefficient between gas and thermocouple 
a = radius of thermocouple wire 
bi © 
MOVING HOT GASES 
MAGNESIA SHANK 


4° 


x =» 


hia. 10) THermocoup.e Loop anp Svprorr 


*, 


Simplifying 


AK’ [9] 
For a cylindrical wire, P = 27a and A = ma*, Thus Equation 
becomes 
6 2h cp 
(10) 
O x? Ka K ot 


This is the differential equation which describes the heating in 


the conductor. Let 


K 11] 
2h 
Ka (12) 
Iquation [10] becomes 
BO = A —...... 113] 
2? ol 


The boundary conditions which govern the problem are 


6 at t=0.......... 
08 0 at 0 5 


where L is the length of the thermocouple wire from the shank 
to the thermocouple. 
The solution to Equation [13] with the boundary conditions 
of Equations [14] to [16] is a 
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The boundary condition from I:quation [14] will give a rela- 
X oe tionship between cz and ¢, 
The boundary condition for Equation will give the arbi- 
B L trary constant out front and will also give 


where s 


(7) 
a, B 4 
| 


Assume a product 


{18} 


The solution can be derived as follows: 
solution 


XT. 


where X is only a function of z, and 7’ is only a function of ¢ 
From Equations [13] and [19] 


ox oT 
T — --BXT = AX (20) 
ol 
Dividing both sides by ANT gives 
1 oN B 1 oT 
= e he 


AX or? A T oft 


Each side of Equation [2!| must be a constant. Since all the 


temperature transients eventually must decay, the constant for 
the right-hand side of Equation [21] must be less than zero. 


Thus 
™ [22] 
T’ ot 
Solving for T gives 
T =ce~“ {23} 
where ¢, is an arbitrary constant. From Equations [21] and 
[23] 
+ (1a, 0 {24] 
x? 


Since a, > 0, and A > 0, and B > 0, Equation [24] will have two 
forms of solution 


WB 


Aa,, X + essinh VB Aa,, X 


&B 
for > [25] 
A 
x = ous ‘Aa, B x + sin V la BN 
4 B 
for {26} 
A 


The boundary condition of Equation [15] will make es and ¢, 


equal to zero. Thus 
B 
X =e.cosh VB Aa,, X for [27] 
X = % cos V Aa, BX for < {2S 


1 
a, = + n= 1,3,5 130} 
2L 


Equation [29] assumes 1/7, < B/A; this is the case for the 
physical constants 7,, A, and B, 

The results from the foregoing analysis were given back in 
Equations [17] and [18]. 

Equation [13] was evaluated at 2 = 0, the thermocouple june 
tion. 
exponential curve. 


Fig. 3 shows a comparison between the exact curve and an 
The lower portion of the exact curve is al- 
most identical with the exponential curve. The time constant 
could be predicted within 5 per cent if a true exponential was 
assumed instead of using the exact curve. 

This calculation shows that axial conduction effects are small 


This paper is of considerable interest 
to those making and using aircraft gas-turbine thermocouples 
The authors have covered the subject of long-life fast-response 
thermocouples quite thoroughly and in addition, their points 
in favor of thermocouples as primary detectors of temperature 
rather than the other possible forms, such as resistance detectors 
or optical methods, are believed to be well taken 

In point 4 under Advantages of the Loop Junction Con 
struction, the authors state that a superior junction weld is 
produced by the butt-welding possible with the new construction 
This seems to the writer to be questionable, and having personally 
inherent 
In addition, he knows of no 


made both types of welds, he has not found any 
superiority of one over the other, 
test data which would tend to indicate any superiority in either 
thermal emf or life; rather, there are considerable data which 
would indicate no appreciable difference between the two types ot 
of junctions given equal handling and operating conditions, 
and there is obviously some superiority in the twisted-type june 
tion in so far as damage from poor handling. In point 5 the 
authors claim «a reduced working of the wires in fabrication 
Since in forming the loop junction, the wires are flat-dropped 
and then formed in a punch press before welding, it seems that 
there is at least as much stress and strain involved here as in the 
twisting of wires to form a twisted junction, 

Under the leading, 
the authors claim: “It appears that no part of the taileone will 


Foreed Vibration of Thermocouples, 
remain inactive, and hence there is no ideal location for placement 
of thermocouples or similar instrumentation.”” Actually, meas- 
urements indicated considerably less vibration at points on the 
taileone skin near the front or back, as compared with regions in 
the middle of the cone. It would seem that this was due to the 
stiffening effect of the relatively heavy metal rings at the front 
and back used to bolt or clamp the taileone into place 

The Parallel 
to be of prime importance. The classical method of paralleling 


section on Accuracy of Arrangement seems 


thermocouples, namely, equal-resistance thermocouples, all 


brought to a common junction point, is, of course, capable of 


theoretical perfection in averaging. However, this system when 


* Meter and Instrument Department, General Electric Company, 
West Lynn, Mass. 
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used with more than a few thermocouples becomes very cumber- 
some mechenically, and difficult from <= manufacturing stand- 
point Although the manifold-type harnessive arrangement 
described by the authors has in theory a greater error than the 
equal-resistance paralleling method, in practice, «* the authors 
point out, this system ean be so designed a= te petuce these 
errors to a completely negligible value, Some sf ure advantages 
of the manifold or ladder-type paralleling aecangement would 
include the following: 


‘Thermocouples all identical electrically and mechanically 

2 Much cleaner and neater physically. 

3 A weight advantage which begins to be felt at about the 

to 5 thermocouple level and becomes increasingly important 
as the number of thermocouples is increased, 

4 Simplicity of manufacture. Simplified mountings since 
ihe harness can be mounted entirely from the thermocouples 
themselves and each will bear its equal share of the load, 

5 Flexibility, since simply by changing the harness itself, the 
same-type thermocouples may be used in any number from 
about threeup tous many as can becrowded in around the taileone 


5S. S. Srack.6 The authors of this paper have indicated the 
vast amount of engineering and test work involved in the develop 


* General Engineering Laboratory, General Eleetrie Company, 
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OF THE ASME JANUARY, 1953 


ment of fast-response thermocouples to meet the present-day 
requirsments for temperature control of aircraft gas turbines, 

The basic calculations involved relative to time response, 
gax velocity, conduction and radiation errors, the averaging 
of measurements at several points, and so on, are applicable for 
other types of temperature detectors. Therefore, testing time 
and the evaluation of future designs and operating characteris- 
tics at other than test conditions ean be simplified. 

In line with the continual changes in design of engines and oper- 
ating chareeteristics, we are confronted continuously with cor- 
respondiny; ehonges in equipment. 

One mejor factor, which has been found difficult: to determine 
ina relatively snort time, is the prediction of expected life under 
various Operating conditions ror short-time life tests for dura- 
bility with respeet te temperature, heat shock, vibration, and 
thrust, 

The investigation of the vibration of the thermocouple mount- 
ing bosses attached to the taileones, is probably indicative of 
acceleration due to vibrations in the taileone itself, and not neces- 
sarily that occurring at the junction end of the thermocouple, It 
is indicated that circular stiffening bands and insulating blankets 
have been found effective in improving the life of some types 
of therr..vcouples. This would indicate that further improve- 
ments could be obtained in this direction by means of other 
than rigidly mounting the thermocouples in bosses which are 


directly attached to the tailcone. 
a 
® >» 9 
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By A. A. PUTNAM? ano W. 
in- 

The systems are: 
ort burner mounted 
in a combustion tube open at both ends; (6) a similar 
mixing chamber and multiple-port burner which com- 


Three simplified combustion systems have been 
vestigated for acoustical oscillations. 


a) a mixing chamber and multiple-pc 


pletely biocked the secondary-air inlet of the combustion 
tube; and (c) a system similar to (6), but utilizing sepa- 
rate fus' 
rather thon 


and primary-air inlets, giving a diffusion flame 


a premixed-gas flame. Oscillations were 
found te occur only for certain ranges of the variables. 
In the first system, the pitch differed significantly in ad- 
jacent ranges of oscillation. In the two latter systems, 
the frequency of the oscillations remained fairly uniform 
and close to the fundamental of the combustion tube, 
although breaks occurred in the data as the configurations 
of the inlet supply systems were varied. These results are 
explained on the basis of (a) the time of feedback of pres- 
sure pulses which ultimately cause changes in the heat - 
release rate, and (6) the location of the flame relative toa 
section of maximum pressure amplitude in the combus- 
tion tube. In further substantiation of the implications 
of the test results, the Appendix presents a thermodynamic 
treatment of the phase requirement between rate of heat 


release and pressure. 


oscillations are frequently generated when a 
totally 
These oscillations may not only become unde 


is partially or comuned in a combustion 
saber 
r physiolngieal standpoint, but may at 


times beeonw so Violent as to interfere with proper combustion, 
causing the flame to blow out or even destruction of the equip- 
ment. Heat transfer normally is this 
be beneficial, but uncontrolled increases in heat flux may 


increased by oscillations; 
may 
eause burner walls to melt. On the other hand, the presence of 
oscillations may lead to improved flame holding, yielding operat- 
ing ranges greater than those obtained with conventional flame- 
holding techniques; 


leading to increased efficicncy of combustion without increases in 


oscillations aso may cause increased mixing, 


residence time in the burner. Therefore investigations of the 
oscillations associated with combustion equipment should furnish 
important information for 
whether oscillations are to be utilized or suppressed, 

As a part of such 


tlame-driven oscillations that have frequencies corresponding to 


the optimum design of burners, 
an investigation, a study has been made of 


the organ-pipe frequencies of the system. On the basis of obser- 
vations and of complementary theoretical studies, it has been 
possible to develop « comprehensive understanding of some of 


these oscillations, and thus to establish the requirements of de- 


1 Fuels Research Division, Battelle Memorial Institute. Jun 
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2? Fuels Research Division, Battelle Memorial Institute. 
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presented at the Semi-Annual Meeting, Cincinnati, Ohio, June 15 19, 
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understood as individual expressions of their authors and not those 
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sign for either minimizing or inereasing the amplitude of oscilla- 

tions. 
Fig. 1 

studied. 


have been 
Unit 
with a premixed-gas burner 


shows sketches of the three svstems that 
These will be described in greater detail later. 
(a) is a Pyrex combustion tube 
this arrangement permits secondary air to flow 
and tee combustion-tube wall, Unit 
this unit 


is similar to the previous unit, except that the burner head blocks 


mounted within: 
between the burner head 


(b) isa recket-shaped burner with a premixed-gas flame; 


the combustion tube so that there is no inflow of secondary air, 


77, 

4 
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this 
unit is similar to unit ()), except that the fuc!l and air are brought 
Although 
than those shown, 


Unit (¢) iss rocket-shaped burner utilizing a diffusion flame; 


into the combustion chamber through separate ports, 
burners used in practice are far more comple 
many of them can be reduced, in principle, to the simple eonfigura- 
tions shown. 

In the mathematical formulation of the acoustic properties of 
these systems, the fundamental assumption has been made that 
an oscillating component of the rate of heat release must be in 
This 
assumption, which will be discussed later, was first suggested by 
Rayleigh,? and is justified thermodynamically in the Appendix 
of this paper. 

In this study, the 
which a column of gases, in the combustion system, is vibrating 


phase with the oscillating component of the pressure. 


only oscillations considered are those for 
in the same manner as the gas column in & sounding organ pipe; 
however, it must be emphasized that this type of oscillation is 
only one of several types that may oecur in combustion systems; 
other ty pes will not be discussed here 

Theory of Sound, 


" by Lord Rayleigh, Dover Publications, 
New York, N. Y., vol. 2, 1945, p. : 


226. 
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The organ pipe is commorly pictured as a long tube, in relation 
The 


usual description of the way in which such a tube sounds, for a 


to its diameter, open either at one end or at both ends. 


pipe open at both ends, is that, periodically, air flows inwardly 
from the ends, building up a higher-pressure region at the center. 
As the pressure increases, the inflow of air slows down and finally 
stops. The higher pressure at the center then causes a reversal of 
flow outwardly toward both ends, accompanied by a lowering of 
pressure at the center. Because of the momentum of the air, 
the pressure at the center eventually falls below ambient pressure 
ane with the build-up of this partial vacuum, the outflow of air 
fuaally decreases to zero. Thereupon the eycle begins to repeat 
»elf, and periodic oscillation of the column of gases in the tube 
is esta lished. 

Organ-Pipe Theory. More basic considerations*® show that, 
for small amplitudes of oscillations, wherein the thermodynamic 
equations can be linearized, the mode of oscillation described 
in the foregoing is sinusoidal, both in time and, along the 
tube, in space; that is, the pressure, as well as the gas-particle 
velocity, varies in a sinusoidal manner with time at each interior 
point of the tube. Furthermore the pressure, or velocity, is a 
sinusoidal function of distance along the tube. For the pressure, 
there is maximum variation in amplitude at the middle of the 
tube, and no variation at each end. Conversely, for the particle 
velocity there is no variation in amplitude at the middle of the 
tube, and maximum variation at each end. This type of oscilla- 
tion is termed a standing wave; the standing prassure wave, for 
the fundamental mode just discussed, has a node at each end and 
an antinode at the center; the standing velocity wave has a node 
at the center and an antinode at each end. Considering either 
wave, the frequency v, and the length of tube L, (neglecting cer- 
tain end corrections to be discussed later), are related as follows 


where ¢ is the speed of sound, 

If two sounding tubes, exactly alike, are connected together 
and conditions are assumed to be such that the outflow in one 
tube occurs at the same time as the inflow in the other tube, it will 
be seen that the tubes will continue to act, in this mode of vibra- 
tion, as if they were still separated. For this system, using Equa- 
tion [1] 


where Ly is twice Ly. 

Considering the spacewise distribution of pressures in this 
system of length /., there is, at the appropriate moment, 4 com- 
plete cycle comprising ambient pressure at both ends, maximum 
pressure at the center of one tube and minimum pressure at the 
center of the other tube, and ambient pressure at the middle, 
where they are joined. The length of this complete space cvele 
is designated as the wave length A, which is equal to Le, or 2 Ly. 

Generalizing upon the argument of adding sections of tube to 
obtain higher modes of oscillation, and realizing that any of these 
modes is possible in any length of tube, a general equation relat- 
ing possible frequencies to tube length is obtained 


n = 1,2,3, 


Acoustics,” by Alexander Wood, Interscience Publishers, Ine., 
New York, N. Y., 1941, pp. 08, 397, 406 

‘Vibration and Sound,” by P. M. Morse, McGraw-Hill Book 
Company, Inec., New York, N. Y., second edition, 1948, pp. 248, 254. 
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where n is the number icin of unit tube, and L, is the total! 
tube length. 

Considering again the fundamental mode of oscillation, it is 
clear that there is no flow through the cross section of greatest 
amplitude of pressure change. Thus a wall could be placed at 
this section without disturbing the oscillation. The frequency 
for this half-tube with one closed end, of length Io, would be 


t Lo 


By the process of adding additional lengths of tube, the general 
equation for the frequencies of a tube open at one end and closed 
at the other may be determined as 


1 
(2n ) 4L 


Equations {2} and [3] can be derived in another manner, by 
considering a pressure pulse as being sent down the tube. It 
reflects from the open end as a rarefaction, satisfying the condi- 
tions of constant ambient pressure at the open end. This rarefac- 
tion travels the length of the tube and is reflected from the othe: 
open end, becoming a pressure pulse again. This pulse then re- 
turns through the tube in the original direction. The time for a 
complete cycle, returning all conditions in the tube to the initial 
conditions, is 


and the frequency is again 


This argument also can be used for the tube closed at one end, by 
considering that pressure reflects as pressure at a closed end. 

The just discussed are 
sufficient for an understanding of the frequency of oscillation 
observed for simple organ pipes, but are not sufficient for an ex- 


Acoustical Drivers. considerations 


planation of the origin and continuation of the oscillations. In 
other words an intermittent source of energy has been implied 
to drive the oscillations and to overcome the ever-present damping 
forces in such a system. The oscillations in the tube will not 
reach a high intensity unless energy is added periodically to the 
gases in the tube in such a way as to meet two requirements 
First, depending on the type of energy being added, the periodic 
energy release must be in phase with either the pressure fluctua- 
For this to be 
accomplished, the period of the driver must be close to some 
multiple of the naturai period of the tube, but not necessarily 


tions or the velocity fluetuations in the tube. 


equal to it. This is the time condition for resonance. 

The second requirement is that the energy must be released 
near a point of maximum effectiveness. This means that energy 
in the form of a velocity disturbance must be added near a pres- 
sure antinode of the mode of oscillation being driven; conversely, 
energy in the form of a pressure disturbance must be added near 
a velocity antinode. One or the other represents the space con- 
dition for resonance. 

In the case of an organ pipe, and for some other wind instru- 
A jet 
of air is passed through a slot orifice in such a manner as to im- 
pinge upon the edge of a lip extending downward over an opening 
at the side of the tube.‘ Two oscillatory systems are involved 
in this driving unit: (1) The jet, after passing through the slot 
orifice, acquires a characteristic vibration which gives it a sinuous 
This vibration is caused by alternate shedding of vortexes 


ments, driving may be accomplished in the following way: 


shape 
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from the two sides of the slot. However the frequency is not 
very pure, and the intensity is low. (2) The other oscillatory 
system consists of the lip and impinging jet; this system also 
will generate vortexes at a certain frequency. 

If the lip has been placed at the proper distance from the orifice, 
the two vortex-shedding processes will reinforce each other to 
make the amplitude of oscillation larger and the frequency more 
definite. The resultant frequency will depend on the position of 
the lip, relative to the orifice, and on the velocity of the air jet. 

If the driver just described has been placed across the open end 
of a tube whose natural frequency is close to that of the driver, 
an oscillation will be set up in the tube. This oscillation will be 
reinforced by the driver and in turn will reinforce the driver, up 
to the point where all the energy dissipation of the system through 
damping and sound radiation equals the energy of the air jet that 
is converted into an oscillatory driving force. 

It will be noted that the driver is located, with respect to the 
tube, at the position of maximum velocity amplitude and mini- 
mum pressure amplitude. This position of the driver is optimum 
for the system because the driving is a result of the pressure 
fluctuation produced by the alternate shedding of vortexes. The 
use of this driver in the area of maximum pressure amplitude 
would be ineffective. 

In the case of reed instruments, the driving is accomplished by 
blasts of air, and the optimum driver position becomes one of 
maximum pressure amplitude. However, as pointed out by 
Morse,’ this entire field of application is not too well understood 
scientifically and devolves to the art of musical instruments. 

In the case of flame-driven oscillations, of the type discussed in 
The 


basic requirement of this mechanism is that the oscillating com- 


this paper, another type of driving mechanism is present. 


ponent of the rate of heat release be in phase with the pressure 
variation at the point of heat release.** 
of this requirement is presented in the Appendix; this require- 


Theoretical verification 


ment, therefore, is used as a basis for the analysis of the observed 
For this type of driving, energy is added in the form of 
Therefore, as contrasted to the 


results. 
periodic velocity disturbances, 
vortex type just described, the maximum effect is obtained in 
the area of maximum amplitude of the oscillating pressure, as 
is the case with the vibrating-reed type of driving. 


CombusTION TUBE AND BuRNER INVESTIGATION 


Apparatus. Fig. 2 shows the open-end combustion tube used 
in this study; This 
apparatus is similar in many respects to the classical “singing- 


the burner nozzle comprised 29 ports. 


flame” apparatus, in which a single flame orifice is inserted at 
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The burner head 
used could be moved to any desired location Lo, beyond the com 
bustion-tube eptrance; 
mixing chamber, different lengths of pipe were used. 


various distances into the combustion tube. 
to obtain changes in the length of the 


Oscillations occurred, in this apparatus, only for certain posi- 
tions of burner head with respect to the end of the combustion 
tube. These positions were not marked by single points, but 
each was marked by an interval of displacements for which the 
observed frequency was nearly constant, but varied widely from 
that observed at nearby positions. Between such oscillating 
regions were blank intervals where no oscillation occurred, 

Method of Test. In the experimental work, using a stoichio- 
metric mixture of hydrogen and air, the burner head was moved 
slowly from the entrance to the combustion tube until the first 
interval was reached where an intense oscillation started, At 
this point, the frequency and intensity of the osei/lation aed th 
distance Lo were measured. the 
oscillation were determined, respectively, with a General Radio 
sound analyzer and a sound level meter, using a crystal micro- 
phone placed about 3 ft from the combustion unit 


Frequency and intene!t, of 


The burner 
was then moved further into the oscillating interval until the posi- 
tion was reached where the intensity of the oscillation decreased 
markedly, Returning the burner head to the point of high 
intensity oscillation nearest to this point of decreased intensity, 
the frequency and in ensity of the oscillation and the distance 
Lo were again measured, The section of combustion tube be- 
tween the points where the oscillation started and stopped con- 
stituted the interval of displacement associated with the particu- 
lar oscillation. The criterion for establishing the end points of 
this interval was that the oscillation had been amplified to an 
intensity equal to or greater than 85 decibels (db), the ambient 
noise level being approximately 50 db 

Discussion of Test Results. The test procedure just outlined 
was continued over the entire length of the combustion tube, and 
was repeated for three lengths of mixing chambers. It was found 
that several intervals of oscillation existed, and, as previously 
stated, that the frequency changed markedly from one interval 
to another. Some intervals of oscillation were so short that the 
oscillation was generated at only one position of the burner head 
It was also noted that the observed oscillations were pure in tone, 
and that their frequencies and intensities were approximately 
constant over the interval. 

Table 1 shows the data obtained in the manner just described 
The data are arranged in three groups corresponding to the three 
lengths, LZ, of mixing chamber used; the natural frequency v,, = 
¢/2L is shown for each length of mixing chamber. For each in 
terval where oscillation was noted, the distances Lo, correspond 
ing to the beginning and end of the oscillation are given, as are 
Since the 
amplitude of oscillation was at a uniformly high value over each 


also the observed frequency v and the ratio v/v,,. 


interval, amplitudes have not been tabulated. 

The data of Table 1 will now be analyzed from two separate 
points of view: One will involve only the relations resulting from 
the time-phase aspects of the resonance established; the other 
will be concerned with the relations between the point of heat 
release and the regions of maximum pressure change in the com 
bustion tube. 

Analysis of Oscillation Mechanism. The following mechanism 
is postulated for the observed oscillations: A slight pressure 
fluctuation caused by any small disturbance in flow in the com 
bustion tube is fed back into the mixing chamber, ‘This pressure 
pulse travels the length of the chamber, is reflected at the lower 
end, and returns to the burner ports. 


an increase in flow rate, which means that an extra slug of gas 


The pressure pulse causes 


mixture passes through the ports and ts burned. If the burning 


of this extra slug is “nearly” in phase with some pressure pulse 
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PABLE | FREQUENCIES AND DISPLACEMENT INTERVALS OF OSCILLATION FOR 
DOUBLY OPEN COMBUSTION TUBE AND BURNER HEAD 
(a = Viein.; a = 0.02 in.; V = 117 fps; F = 100 ips; ¢ = 1132 fps) 
Interval 
-— Beginning of interval 
Lo, 
cps 
2200 
1650 
1120 
1920 
2300 
1750 
530 
1220 
1600 
1920 
1800 
2150 
1450 
1250 


960 
1500 
1500 
1500 


succeeding the original one, the oscillation originating in the tube LENGTH OF MIXING CHAMBER, IN 
will be promoted. The new amplified pulse is then fed back into 
the mixing chamber and the cycie continues with increasing 
amplitude, until the driving force balance: the losses. 

Time Condition for Resonance. The period 7, of the cycle just 
deseribed is the sum of the time, 2 L/c, required for the pulse to 
travel the length of the mixing chamber L and back at the velocity 
of sound c, and the time M for the extra slug of gas to pass through 


the ports and be burned; thus 


[4] 


RATIO OF FREQUENCIES 


is the time for the extra sh ait “88 ug » burner 

r 1s, the length 8, ports divide gas velocity 
po ’ it eng ee 0 po aed py 1¢ CYCLES PER SECOND 
V through the ports. The other term gives the average time for 
the gas to be burned, after leaving the port. If the flame is  Persissisie Inrervacs or OsetLuations Basep on Pertop 
laminar, the approximate length is given by aV/F, where a is the or Feev-Back Cycir 

(Solid lines indicate mid-points of intervals.) 

port radius and F is the flame speed. If the mean burning 


length is assumed to be one third of the total length, the time to 
method of plotting is indicated by Equation [6]. From these 


data it was found, by the least-squares method, that the value of 
M (slope of the lines shown) which gave the smallest average 


reach this mean distance is (1/3)(aV/F)/V, or a/3F. Therefore 


deviation from lines passing through integral values of v/y,, at 
v = 0, as required by Equation [6], was WM = 1.05 & 10~* see. 
The solid lines shown in Fig. 3 were drawn for € = 0, and dashed 


It has been emphasized already that the period 7,o0f the driver 
must be close to the natural period of the oscillating unit. Thus, 


lines were drawn for = 1. With two exceptions, the observed 
the time 7, should “nearly” correspond to the time between two 


frequencies fall within the regions demarcated by the dashed lines. 
pressure pulses in the combustion tube. This latter time is some 


: The slope M/, as determined by direct calculation using the 
multiple n of the observed oscillation period 7 of the entire unit. ; 


= - . ' measured or known values for s, V, a, and F, in Equation [5], is 
The term nearly means that 7, must differ fromn7 by afaetor ‘This wales dilfore from Ghat fram the 
less than 7/4; if the difference were greater, then 7, would be gata by less than 5 per cent, which is considered to indicate agree- 
such that the addition of heat by the additional slug of burned 848 ment between data and theory 
would fall between BAAR PECHITS times, or near orem In summary, the driving criterion, defined by Equation [6], 
pressure times, thus damping the oscillation. The condition for implies that an oscillation of the gases in the combustion system 
resonance can thus be written as can be amplified when the oscillating component of the rate of 
1 2L heat release is in phase with the oscillating component of the 
nr + : Té = T, = : rm, «<i, ‘ pressure at the point of heat release. The method of analysis 
developed so far has shown (a) agreement with experimental data 
A more convenient form of this equation is obtained by using — in establishing that oscillations of high intensity oecur when this 
the observed frequency v as a substitute for the reciprocal of the driving criterion is fulfilled, and (b) agreement in the calculated 
observed period, and defining the fundamental frequency of the Value of the lag term M with the value obtained by test. 
thus Space Condition for Resonance. An additional requirement, 
mentioned earlier, that must be met if the oscillation is to build 
:) atta up to a large amplitude, is that the point of heat release must be 
Vn { located near an antinode of the standing pressure wave in the 
combustion tube. The next step in this development is, there- 
fore, a determination of those regions in which oscillations may 


mixing chamber ¢/2L as v,; 


This is the equation of a set of straight lines, each of slope -— M, 
when v/?,, is plotted against v. occur when account is taken of the reduced efficiency of the driver, 


Fig. 3 shows the data of Table | plotted as v/v,, against v; this that is, the flame, as the burner head is moved in relation to the 
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combustion tube away from the regions of highest oscillating On the frequency lines of Fig. 4, are also marked the pairs of - 
pressure amplitude. This approach is the one that would be — positions, in terms of Lo, where the burner head just starts to 
used in analyzing, for the purpose of minimizing or promoting = move into the middle third of a pressure loop, or starts to move . - 
oscillations, any practical combustion systems having the general = out. These values of Ly are given by - 
configuration shown in Fig. 2. q 
Fig. 4 is the first of a series of figures necessary for the predic- le = — J n’ = 1,2, 4, 5, 7, 8, 4 
tion of the permissible regions of oscillation. The calculated fre- Ov 2 « 


quency v for a 17-in. combustion tube is plotted as a function of 
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the distance Lo, from the burner head to the tube entrance for 
the first six modes of vibration, by means of the equation 


nc 
v= n 


T 
2 E +L, 4 \ 
where L, is the total end correction, L, is the total length of the 
combustion tube, subscripts a and 6 refer to ambient and burned- 


gas conditions, respectively, T is the absolute temperature, and 
7 is the ratio of specific heats. This equation is of the same form 
as Equation [2], with the open-end correction L, added and the 
length of hot section corrected for the increased velocity of sound. 
The end correction, for each end, is given by Wood‘ as 0.6 of the 
radius, so that L, for the two ends of the tube is 0.6 of the diaine- 
ter. The easiest way to include the effect of the hot regions is to 
correct the length to an equivalent cold length. Since the trav- 
erse time of a pulse must be the same in the hot and in the 
equivalent cold sections, the hot length divided by the correspond- 
ing speed of sound must equal the equivalent cold length divided 
by the ambient speed of sound. Since the ratio of these sound 
speeds varies as the square root of the ratio of the 77'-terms, the 
equivalent cold length of the hot zone is 


(Ly — Lo) 


For the tests being discussed, the average temperature 7', of 
the gases in the hot zone was determined, from measurement with 
a thermocouple, to be approximately 740 F, or 1200 R. At this 
temperature, the speed of sound is 1700 fps, xs compared with 
1127 fps at 70F. In this calculation, it is assumed that equals 
Y», so that y,/y, = 1. The ratio y, 7,/y, 7', for these tests is 
equal to 0.663, so that the equivalent cold length of the hot zone 
is 0.663 (L, — Lo). 
{7|, which is the equation of the set of the six curves shown in 
Fig. 4, for values of n ranging fromn = 1 ton = 6. 


This expression was substituted in Equation 


a 


nected by dashed lines sweeping upward to the right to give cor- 


and B, the final areas to be considered, are crosshatehed, 
Fig. shows the areas (crosshatehed ), in which the pressure ampli- 


This marking of the middle thirds of the loops corresponds to an 
ass? option that heat addition only in the middle third of a pres 


sure loop would be sufficiently effective to compensate for damp- 
ing forces and thus promote oscillations, 

Fig. 5 is a replot of Fig. 4, with adjustments to compensate for 
the fact that the frequencies occurring will not agree exactly with 
the frequencies computed for the combustion tube only. This is 
to be expected, since the combustion unit is a coupled system of 
the supply chamber and of the combustion chamber, and is not 
“a single unit. 
on the mode lines, is extended as an area over the region between — 
The ends of the middle- 
third ranges are connected by lines sweeping upward to the left, 


The middle third of exch pressure loop, as located | 
the mode lines in the following manner: 
In a similar manner, the ends are also con 


to give the regions A, 


The overlapping portions of these areas A 
Thus, 


responding areas B. 


tude of the oscillations will be large enough to overcome the 
damping forces, on the basis of the assumption of the preponder 
ant effect of the middle third of the pressure loop. Further re- — 
search on the methods of computing the exact values of damping — 
and driving forees should lead to a more precise handling of this — 
phase of the problem. 
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Co-Ordination of Space and Time Conditions. Fig. 6 is a replot 
of the permitted areas of oscillation, based on the time-phase 
relation, from Fig. 3. 


direct comparison with Fig. 5. 


Co-ordinates have been changed to allow 
The pairs of curves bounding 
These 


lined areas correspond to regions in which oscillations can occur 


the lined areas are drawn, using Equation [6], fore = 1, 
on the time-phase basis. For example, the vertical line shown | 
at the computed frequency v,, of 615 eps, for the mixing-chambes 
length of 11'/\. in., gives the ranges of values of v, for the first — 
four modes, which are possible for this particular mixing chamber 
According to the theory developed, oscillations will oceur for 
only those portions of the crosshatched areas of Fig. 5, which fall 
within the permitted regions given by Fig. 6. 
areas fulfilling these conditions: 


Fig. 7 shows the 
for comparison, the observed 
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frequencies listed in Table 1, for the mixing chamber of length of 
11*/is in., are indicated by circles. They fall within, or close to, 
the corresponding permitted region, 

At many positions of the burner head in the combustion tube, 
given by the abseissas in Fig. 7, oscillations might be expected to 
occur at more than one frequency. Tlowever, the tests show that, 
in most instances, one frequency predominates; to predict which 
one would require more detailed analysis. 

The method of analysis outlined has been found to apply 
equally well for the two other mixing-chamber lengths studied, 
and for ports of a different depth. For the deeper ports, the 
number of oscillation regions observed decreased, probably as a 
result of increased damping losses. 

Practical Application. At least three methods of eliminating a 
particular oscillation are suggested by these results. They are 
(a) moving the position of the burner head; (6) changing the 
length of the mixing chamber; and (¢) changing the length or 
diameter of the burner ports. 

Considering the second-mode frequency of 1100 eps at Le & 3 
in, in Fig. 7, a practical method of elimination would be either the 
increase or decrease of this distance Ly of the burner head beyond 
the inlet of the combustion tube. It can be seen, from inspection 
of the figure, that such a change in position might produce another 
frequency. However, in commercial equipment, not nearly so 
many higher modes of oscillation are present as in the test equip- 
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ment described, which was designed to study oscillations; there- 
fore, such a solution would be practical. 

Fig. 6 shows that, as the mixing-chamber frequency is increased, 
the permissible ranges move upward to higher frequencies. It 
is seen from Equation [2], which is valid for a tube closed at both 
ends as well as for a tube open at both ends, that the frequency of 
a mixing chamber 10 in. long would be higher than the frequency 
of an 11'/j-in. chamber. The increase in frequency obtained 
with a 10-in. chamber would raise the permissible range to higher 
frequencies by an amount sufficient to eliminate the permissible 
region of Fig. 7, mentioned previously, and thus eliminate the 
observed frequency of 1100 eps. However, a further decrease of 
the mixing-chamber length to 73/, in. would result in a still higher 
frequency, and the would be reinstated, since 
another frequency band would be brought into the critical area. 

An interesting possibility of eliminating an oscillation is offered 
by the use of two sizes of burner port, having different diameters 
and lengths, such that when ports of one size fulfill the conditions 
of Equation [6], those of the other size cause the two components 
of the system to be exactly out of phase. This requires that the 
difference of the A/’s characterizing the two different port sizes be 
approximately equal to 1/2v. The size difference may be re- 
duced somewhat in units where different rows of ports are at stag- 
gered distances from the far end of the mixing chamber, if the 
larger deeper ports are put in the farther rows. 

Promotion of the oscillations, if that were desirable, would fol- 
low from carrying out changes opposite to those described. 


oscillation 


Rocker-SHarep Burner Wirn Premixep Gas 
{pparatus. Fig. & shows the rocket-shaped burner used in 
this phase of the investigation. As constructed, the length of the 
mixing chamber could be varied from nearly zero to about 7 in. 
by adjusting the position of the movable piston. As shown, the 
head of the piston includes an annulus for premixing the air and 
hydrogen; hydrogen enters the annulus through a small orifice, 
and air through a larger tube. The fuel-and-air mixture passes 
through an annular slot into the variable-volume plenum cham- 


ber. The burner nozzle is recessed so that various tubular com- 
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bustion chambers can be placed around the top of the burner. 
These chambers are closed effectively at the level where the 
flame is burning, since the total area of the port openings is only 
a very small fraction of the cross-sectional area of the plenum 
chamber. 

There are two characteristics of this system not present in the 
previously discussed combustion tube and burner head: (a) The 
flame, and consequently the maximum heat-release rate, is at the 
closed end of the combustion tube, where the maximum pressure 
amplitude of any standing oscillation is always found. Thus the 
requirement of a strong driving potential, as indicated by the 
crosshatched areas in Fig. 5, for the previously discussed system, 
is always satisfied in this unit. (6b) A cut off of the higher modes 
of oscillation exists in any unit when the quarter wave length is 
about equal to the diameter of the unit. For the 4-in. combus- 
tion tube, the quarter wave length of the second mode is about 
Thus, the 
frequency cut off for the combustion tube will occur at about the 


1?/; in., whereas the diameter of the tube is 1'/, in. 


second mode of oscillation, and the only oscillation that will be 
found in the test units will be a first-mode oscillation. As a re- 
sult, the higher-mode oscillations which had to be considered in 
the previous section can be disregarded in this section. 

Method of Test. 
in Fig. 8 only for certain intervals of displacements of the piston; 
these displacements changed the effective length and hence the 
Between such oscil- 


Oscillations occurred in the apparatus shown 


natural frequency of the plenum chamber. 
lating regions were blank intervals where no oscillation occurred. 
However, in contrast to the previously discussed system, the 
observed frequency did not change markedly from one region to 
another, and the blank intervals were small. The experimental 
work was carried out in the same manner as before, with a slow 
movement of the piston along the plenum chamber corresponding 
to the movement of the burner head along the combustion tube 
in the previous system. 

Data also were obtained at intermediate points within each in- 
terval of oscillation. Combustion tubes of various lengths were 
used; some of these were necked-down at the outlet, as shown in 
the diagram at the upper right corner in Fig. 8, so that the area of 
the outlet was either one half or one fourth as large as the area 
of the inlet of the tube. 

Discussion of Test Results. 
different combustion tubes, on the frequency and plenum- 


Table 2 presents data, for several 


chamber length Z, defining the beginning and end of each dis- 
placement interval of oscillation. These data were used in a 
manner exactly analogous to those of Table 1, in obtaining a value 
of M for use in Equation [6|. The value of M7, in this instance, 
was 3.5 & 107-4 sec, as compared with a value of M computed 
from Equation [5] of 4.4 & 1074 sec. 
so good as that obtained previously; this is probably caused in 


The agreement here is not 
part by the assumption of completely closed ends, rather than 


TABLE 2 FREQUENCIES AND DISPLACEMENT INTE 
OF OSCILLATION FOR ROCKET-SHAPED BURNER A? 
BUSTION TUBE 


(s = O.121in.; = 0.02 in.; V = 32.8 fps; F = 55 ips) 


 Configura- Length of —Beginning— of 


tion of com- combus- Interval of interval interval 
bustion tube tion tube, of oscil- L, ¥, a », 
in. lation in. eps in. eps 
Cylindrical...........3 1 1800 4'/s 1930 
Cylindrical...........3 2 38/5 1730 1950 
Cylindrical 1 6 1550 @ 1550 
Cylindrical 4 2 SMe 1350 * %/% 1610 
OA = '/,I1A 3 1 1620 53/s 1680 
OA = 141A 2 1550 1680 
OA = VeIA........ 1430 1330 
OA = '/,TA. 2 1200 1 1450 
OA = 1850 4'/s 1930 
2 2 B44 1750 1950 
OR @ YG ER 3 1 1500 1540 
OA J) Are 3 2 5 1370 1 1520 


Nore: OA = outlet area; IA = inlet area. 


nearly closed ends, in the computation of plenum-chamber fre- 
The experimental value was used in the further treat- 


quency. 
ment, 

Table 3 presents the complete frequency and plenum-chamber- 
length data for the two lengths used of combustion tubes of uni 
form diameter. 


rABLE 3 da te AND PLENUM-CHAMBER LENGTHS 
OF ROCKET-SHAPED BURNER WITH CYLINDRICAL COM. 
BUSTION TUBES FOR FIRST AND SECOND DISPLACEMENT 
INTERVALS OF OSCILLATION 
32.8 fps; F = 55 ips) 
-Second interval 


(s = O.121in.; a = O.O2in.; V 


Length of —First interval— 


combustion of oscillation of oscillation 
tube, in L, in, », L, in. ops 

3 1800 1730 
6 3 1760 
3 5 1900 2 
% 1930 1950 
4 6 1350 
i 1550 5 1350 - 
i 3 1450 
4 2 1490 
4 i's 
4 1610 


NO OSCILLATION IN 
THESE RANGES 
6 4 2 2 4 6 8 
LENGTH OF PLENUM LENGTH OF 
CHAMBER, L, IN COMBUSTION TUBE, IN 
bia. 9) Preprerep Reactions or Comparkep Wrrn Dary 
rok THE Premixep-Gas Rocket-SHarep BuRNeR 
(Combustion tubes are cylindrical and port length is 0.121 in.) 


Fig. 9, on the left side, shows the oscillation data of Table 3 and 
the predicted regions of oscillation for the 3-in. and for the 4-in 
cylindrical combustion tubes, As previously indicated, this 
figure is more easily obtained than Fig. 7, for the open-end com 
bustion tube, because the space condition of the flame, near the 
pressure antinode, which is the optimum point for oscillation 
build-up, is fixed, and only the time condition need be considered 
On the right half of Fig. 9, the fundamental frequency of the hot 
combustion tube, considered as being closed at one end, is plotted 
as a function of length, using the relation 


(2n — 1 yew To 
“t 

where the symbols are defined in the same manner as in Equation 
[7]. Equation [8] is of the same form as Equation [3], with the 
open-end correction L, added and the speed of sound ¢.at ambi- 
ent temperature corrected for the increased temperature in the 
combustion tube, The end correction L, for the single open end 
is 0.6 of the radius. As previously stated, the speed of sound 
varies as the square root of the product yz, and it is again as- 
sumed that y,/Y, equals 1. 
determined, by measurement with a thermocouple, for each of 


An average temperature 7), was 
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different combustion tubes varying, at l-in. intervals, from 
a 


| 


2in. to8in. in length. These values of 7), were used in Equation 
{8| for plotting the curve shown on the right side of Fig. 9. The 
higher-mode curves are omitted for the previously stated reason 
that the higher-mode wave lengths are too short. Dashed lines 
corresponding to the tube lengths of Table 3 are drawn in. 

The curves bounding each of the crosshatched regions on the 
left side of Fig. 9 are obtained from Equation [6] by substituting 
¢/2L for v,, and plotting v against L for é€ = 1 and for the value 
of M obtained from the data. The regions shown are between 
the curves for (n + '/,) and (n '/,); these regions are those in 
which oscillations should oceur, and correspond to those in Fig. 6. 
The hyperbolic shape of these curves is due to the use of L, the 
primary variable in this test, as a co-ordinate, rather than the fre- 
quency v,, With which I varies in an inverse manner. 

In Fig. 9, the dashed horizontal lines are extended from the 
right side into the left half of the plot at the frequency corre- 
sponding to the length of the combustion tube. In each instance, 
the measured frequencies fall within, or close to, the permitted 
regions, and also fall close to the fundamental frequency of the 
combustion tube, 
to data at the lower values of mixing-chamber length, since in this 


Too much significance should not be attached 


range the plenum chamber is roughly spherical and, in combination 
with the orifices, probably acts more like a Helmholtz resonator 
than a long tube and should be considered as such. 

The upward sweep of the data points, as length of plenum 
chamber decreases, is caused by the coupling of the combustion 
tube, the frequency of which is given by the horizontal dashed 
line, with the plenum chamber, frequencies of which are given by 
mean curves through the upward-sweeping lined areas. This 
slope of the observed frequency curves, caused by the coupling 
described, allows them to remain in the ‘permitted” areas for a 
greater range of lengths of the plenum chamber than otherwise 
might be expected. Because of the approximation made in the 
theory, and of the possible error in some of the measured values, 
the small deviations of some of the data points which place them 
outside of permitted regions did not warrant closer investigation. 

Results similar to those in Fig. 9 also were obtained with com- 
bustion tubes necked-down to varying degrees at the outlet and 
with burner ports of twice the depth of those in Fig. 9. 


Dirrusion-FLAME Rocket-SHapep BURNER 


In the roeket-shaped burner just discussed, fuel and air were 
premixed, The phase of the investigation to be described now 
concerns observations of the oscillations produced with a com- 
bustion system in which fuel and air are introduced separately 
into the combustion chamber. 

Apparatus. Vig. 10 shows the combustion system used in this 
phase of the study. In this burner, hydrogen enters the combus- 
tion chamber through four small jets equally spaced around a 
larger air-supply opening. These jets are connected to an annu- 
lar slot, filled with hydrogen, built into the burner nozzle. Air is 
supplied through an acoustically padded cylindrical plenum 
chamber 13 in. long with an outside diameter of 8°/, in., thus 
simulating an infinite chamber. A '/,-in-ID tube of variable 
length, attached to the air chamber, extends through the center 
of the burner to the upper surface of the nozzle. The length of 
this air-supply tube was varied from about 14 in. to 2 in., using 
the same test procedure as for the two combustion systems dis- 
cussed previously. Both cylindrical combustion tubes and tubes 
necked-down at the outlet were used. 

With this apparatus, oscillations occurred when the rates of 
flow of hydrogen and air were such that a diffusion flame burned 
at the upper surface of each of the hydrogen jets. It was found 


that variations in the length of the air-supply tube caused sig- 
nificant changes in the intensity of oscillation. 
Analysis of Oscillation Mechanism. 


The analysis of the oscilla- 
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tion mechanism presenied in the first section of this paper 
showed that a time condition for resonance must be satisfied if an 
oscillation is to occur. A similar development is necessary for 
the diffusion-flame rocket-shaped burner. 

The period 7, of the evele in the air-supply tube is given by 
+ M {9} 


where 


~ 


a 


and N is the air-supply-tube length, ¢ is the velocity of sound at 
room temperature, 7 is the observed period of oscillation, h is the 
mean length of the flame, and V is an average velocity of the air 
in the region of the flame. The factor 7/2 accounts for the phase 
shift occurring at the upstream end of the tube; that is, the fact 
that the open end of the tube reflects a pressure pulse as a rarefac- 
tion, and conversely. If the tests on the previously discussed 
combustion tube and burner head had been run with a large 
volume substituted for the closed upstream end of the plenum 
chamber, the factor 7/2 would have been used in Equation [4) 
also. 
Equation [9] also ean be expressed as 


v 1 
+ + -Mv, e<l,n=1. 2, {10 
v 2 1 


where v, is the fundamental frequency of the air-supply tube, and 
v is the observed frequency. This is the equation of a set of 
straight lines of slope —M when v/v, is plotted against v. 

In computing the mean length h, it was assumed that the equa- 
tions which had been developed by Hottel and Hawthorne? could 
be used for the rate of diffusion of gas from one stream tube to 
another. The mean length was considered to be the distance to 
the point at which a stoichiometric fuei/air ratio is reached on the 
axis of the fuel jet, since the combustion front slanted across the 


6 “Diffusion in Laminar Flame Jets,” by H. C. Hottel and W. R 
Hawthorne, Third Symposium on Combustion, Flame, and Explo- 
sion Phenomena, Williams & Wilkins Company, Baltimore, Md., 
1949, Appendix I, p. 254. 
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hydrogen jet from one side. A precise result cannot be expected 
from this calculation because of the difference between required 
theoretical conditions and test conditions. 


From the foregoing reference, 


is the fuel concentration, and @ is a nondimensional time 
detined by the relation 6 = Dt/a?; D is the diffusion coefficient; 
a is the radius of the fuel jet; and ¢ = A/V, or M. for a 
= 0.0621 sq in. per sec, 


where C 


Since, 


a hiometric hydrogen-air mixture, D 
the expression for @ can be written as 


at 4 


where 6 & 3/, corresponds to the stoichiometric value of C of 
).296 as ained from Equation [11] 
tion that M depends only on the radius of the fuel jet 
Discussion of Test Results 


points of the displacement intervals of oscillation for several com- 
bustion tubes. These data were treated as were the data of 
Table 1 in obtaining « value for M; however, comparison of 
Equation [10] with Equation [6| shows that (nm + '/2) must be 


It is seen from this equa- 


Table 4 is a compilation - the end 


used in place of n in calculating 17. The value of M from the 
data is 1.0 be 10~3 sec, value of M obtained from 
2 10-8 sec. The two values show good agreement, 
considering the assumptions necessarily mad 


whereas the 
theory is 1.2 
in obtaining the 
theoretical value. As in the previous instances, the value dete: 


mined from the data was used in the further development. 
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Length 
ol air- 
supply cycles supply 
tube, per tube 
second in. 
roo 6 


Length 
of air- 


Length 
Contigura bustion 
tion of eom tube 
bustion tube in 
Cylindrical 
Cylindrical % 1300, 108, 1200 
Cylindrical 3 1300 1300 
OA $ 
OA 3 1200 
OA = 4 950 7 Bot) 
OA 4 L000 
OA = 3 1050 
OA = is 1100 
OA = 3 3s i100 
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1200 


1050 


Nore outlet aren; EA inlet area. 
Table 5 presents the complete frequency and air-supply-iube- 
length data for two combustion tubes, one 3 in. long and one 4 
in. long; the outlet 
these tubes. 

Fig. 11 shows the data of Table 5 and their relation to the pre- 
dicted permitted regions, ‘The lined areas to the left of the ordi 
nate show the regions, in terms of length of the air-supply tube, 

The curves bounding the 
lined areas were obtained by plotting frequency against length of 
air-supply tube, using Equation [10], with € = 1 and v, replaced 
by the ratio of the speed of sound to twice the length of the air- 
supply tube. 

The curve to the right of the ordinate in Fig. 11 represents the 
fundamental frequency of the combustion tube as a function of 
length. The procedure for calculating the natural frequencies of 
the necked-down combustion chambers is as follows: The solid 
lines in Fig. 12 show the actual configuration of a necked-down 


area equaling one half the inlet area for exch 


in which oscillations should occur. 
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FABLE 5 FREQUENCIES AND LENGTHS OF  AIR-SUPPLY 
TUBE FOR DIFFUSION-FLAME ROCKET-SHAPED BURNER, 
USING COMBUSTION TUBES WITH OUTLET AREA EQUAL 


TO ONE-HALF INLET AREA 
(a = in.) 
Length of 


Interval of air-supply tube 
vseillation in 


Length of 
combustion 
tube, in 


1100 
1200 
1200 
roo 
1200 
1100 
1200 
1150 
you 
S40 
1000 
vou 
woo 
woo 


| NO OSCILLATION 
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! 
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| | 

10 6 6 4 @ 

LENGTH OF AIR-SUPPLY TUBE, LENGTH OF COMBUSTION 
IN TUBE, IN 


Preptetep Kectons oF OscitiaTioN Compaken 


Data ror Dirruston-b Lame BURNER 


Outlet area of each combustion tube equals | inlet area.) 


=> 


L 
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Natura Frequencies or Neckep-DowNn Comuusrion: 
CHAMBERS 
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chamber, while the dashed lines show a hypothetical configura 
The included volume for each 
Using the hypothetical case, 


tion, configuration is the same 

un approximate expression for the 

by a trial 


frequency v of the actual chamber can be computed, 
and-error procedure, from the relation 


2rv 


= (L — j) tan 


tan 
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where L, j, d, and D are shown in Fig. 12, and 0.3d is the end cor- 
rection for the single open end. The speed of sound ¢ at ambient 
temperature is corrected in Equation [12] for the increased tem- 
perature of the gases in the chamber. The approximate 
values of v obtained from Equation [12] have been used success- 
fully in the reduction of the data obtained using necked-down 
combustion chambers. 

As before, an average temperature 7’, was determined, by meas- 
urement with a thermocouple, for each of seven different combus- 
tion chambers. These values of 7, were used in Equation [12] 
to obtain the approximate values of v, which are plotted on the 
right side of Fig. 11. 

The dotted horizontal lines extending from the right side into 
the left half of the plot show the frequencies corresponding to 
the lengths of combustion tube used. In general, the measured 
frequencies fall within, or very close to, the permitted regions, 
and also fall close to the fundamental frequency of the combustion 
tube at all the lengths used for the air-supply tube. 

Practical Applications. The results of the investigation of the 
two rocket-shaped burners disclose further possibilities for elimi- 
nating oscillations beyond those discussed in connection with the 
doubly-open combustion tube and burner. From inspection of 
Figs. 9 and 11, it is seen that changes in the lengths of the plenum 
chamber, for the premixed-gas flame burner, and of the air-supply 
tube, for the diffusion-flame burner, would not be helpful in 
eliminating oscillations for the lengths shown, unless the supply 
system were made extremely short. This is true because (a) the 
ranges in which no oscillations occur are, in general, very narrow; 
(6) in terms of the time-phasing conditions, shown on the left 
sides both of Fig. 9 and of Fig. 11, many modes of oscillation of 
either of the supply systems are possible; and (c) the flame is 
located at the optimum point for driving. 

An increase in length of the combustion tube will lower the 
natural frequency of the tube, and also will increase the width of 
the ranges in which no oscillations can occur. Thus, this in- 
crease will allow the first-mode oscillation to be eliminated more 
easily by decreasing the length of the supply system. However, 
an appreciable increase in length of the combustion tube will 
cause the quarter wave \ength of the second-mode oscillation to be 
greater than the diameter of the tube. Thus, it would be possible 
for this second-mode oscillation to occur, and its elimination 
would be a problem. However, if the distance from the flame to 
the exit of the combustion tube is maintained constant, and the 
length of the tube is increased, the flame will be moved away 
from the optimum driving position and the amplitude of oseilla- 
tion will be reduced 

The tests on the two rocket-shaped burners also show the effect 
of the diameter on the cut-off frequency. Thus, the highest ob- 
served frequency plotted in Fig. 7, for the doubly-open combus- 
tion tube and burner, could be eliminated by increasing the 
diameter of the combustion chamber. 

For promotion of oscillation, if that is desired, methods oppo- 
site to those previously described for suppression of the oscillations 
would be used; that is, the length of the supply system would 
not be decreased; the flame would be located at the closed end 
of the combustion tube, and the diameter of the combustion tube 
would be decreased relative to the length of the tube, 


CONCLUSIONS 

This stady shows that natural-frequency oscillations which 
occurred in three simple combustion systems, having different 
configurations, can be explained by elementary considerations of 
both (a) the time of travel of a pressure pulse through the system, 
ind (6) the position of the flame in relation to the combustion 
tube. The basic assumptions used in these considerations are 
that (a) an oscillating component of the rate of heat release must 
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be in phase with the pressure variation, and (6) the point of heat 
release must be near the point of maximum pressure amplitude in 
the combustion tube. The first assumption is confirmed by the 
thermodynamic proof given in the Appendix. 

It was found, from analysis of the test results, that oscillations 
were amplified in the systems studied when both of the require- 
ments just stated were fulfilled simultaneously, thus confirming 
the validity of the assumptions. From knowledge gained in this 
study of the manner of promotion of these oscillations, the amount 
and type of change in apparatus configuration necessary either to 
eliminate or to encourage the oscillation can be determined, 
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NOMENCLATURE 
The following nomenclature is used in the Appendix: 


By 


A = cross-sectional area; arbitrary constant 
B = arbitrary constant 

FE = internal energy per unit mass 
F = function of x 

G = function of t 

AK = arbitrary constant 

M = arbitrary constant 

N = arbitrary constant 

P = instantaneous pressure 


Po = equilibrium pressure 
Q = heat energy per unit mass 
R = gas constant 

S = entropy per unit mass 

T = instantaneous temperature 
To = equilibrium temperature 


AT = 7 T' 
NX = function of x 
c= velocity of sound 
ry = specific heat at constant pressure 
h = enthalpy per unit mass 
p= P—P, 


t 
x = distance along channel 
oe = damping factor 
y = ratio of specific heat at constant pressure to specific 
heat at cons , 
at cons 
_ Po 
Po 


= wave length 
= instantaneous density 


> 


= equilibrium density 
angular frequency 
= function of t 
= displacement of gas due to sound wave, = 


Po > 


= phase angle 


THERMODYNAMIC ANALYsIS OF PHASE REQUIREMENT FOR A 
Heat-Driven 


It can be assumed, for obvious reasons, that, in an oscillating 
combustion system, if an oscillation is driven by the periodic com- 
ponent of the rate of heat addition, phasing of the rate of heat 
addition with the pressure variation is necessary. If this phasing 
requirement is not met, the periodie heat addition willStend to 


| 
> 
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damp out the oscillations. This requirement in phasing is idi- 
cated but not proved in the literature. 

Mathematically, and neglecting damping forces, this concept 
requires that the time integral, over a cycle, of the instantaneous 
product of the rate of heat release and of the oscillating component 
of the pressure be greater than zero. It is the purpose of this 
Appendix to offer thermodynamic proot of this phasing require- 
ment 
derivation of the wave equations for acoustic oscillations. 


The proof is accomplished by extending a customary 
Nonadtabatic Expansion Law 


The first law of thermodynamics may be written as 
l 
dk + Pd = dQ 
p 


where dE is the change of internal energy per unit mass of tluid, 
Pd(1/p) is the increment of work done by unit mass of the 


fluid, and dQ is the heat added per unit mass of fluid. Since, by 


definition 
dh = dk 4+ Pad + dP 
pp 
) where dh is the change of enthalpy per unit mass, the First Law 
may be rewritten as 
dh {13} 
p 


- Assuming a perfect gas, wherein dk equals e,d7, and P/p equals 
Equation [13] becomes 


dT dP dQ 
RT P RT 


Integrating Equation [14] between the equilibrium state (sub 
script y) and some instantaneous state (no subseript) gives 


( T ( 1 faQ AS 
In = 
Ts R Jo T 


where AS represents the entropy change from the equilibrium 
From Equation [15], it follows that 1 


\R/e 


Assuming = yh/(y 


1 
> -( ) [17] 


Po 


{15} 


atute. 
{16} 


1), Equation [16] can be expressed as 


rom the equation of state for a perfect gas, and from Hquation 


[17] 


{18} 

Equations [17] and [18] are the general equations for the non- 
adiabatic expension of the fluid, 

The region of small deviations from the average values is now 

considered, Using the relations p = py (1 + 6),and P = Py + p, 

Equation [18] becomes 
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If the term within parentheses on the right side of Equation [19] is 
expanded, and terms of higher order than the first are neglected, > 
Equation [19] can be written in the form 


y~ as 


Equation of Continuity. 
evlindrical pipe of cross-sectional area A. 


{20} 
Consider a small volume of gas in‘a 
At equilibrium, let the 
When 
the volume is displaced, the bounding surfaces will have co- 
ordinates z + and « + dz + + dz), respectively, If 
&(2 + dx) is expanded in a Taylor's series, and terms of higher 


order than the first are neglected 
de 
or 


The mass of gas in the undisplaced volume is pA dz, 


co-ordinates of the bounding surfaces be z and « + dz. 


+dxr) = + 


and the 
mass Of gas in the volume when dixplaced is 


Since these masses must be equal 


+ [21] 

The final term in this equation is of second order and can be 

neglected, so that Equation [21] reduces to 


6 = {22} 
OL 


Equation of Motion. ‘The force ou an increment of the gas will 


op 
have a resultant equal to > Adz. This force will accelerate 


a pod deat arate Thus 


Op 
Ads = p Adz 
Or ot® 

ort 

or Po [24 
Ve ol* Ou 
As 


Modified Wave Equation. Ut the expression for 6 given in 
[equation [22] is substituted into Equation {20}, and the partial 
derivative with respect to z is taken 


or Or 
side, Equation [24] becomes 


Or 


(AS) 
yR ox 


Using Equation [23], Equation {25| can be written as 


(: VR ') (as) 


LA 
—— 
- 
- 
4 
/ 
1 o* 
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Equation [26] is a form of the wave equation in which addition 
and withdrawal of heat from the gas are taken into account. If 
AS is zero at all times, Equation [26] reduces to the general wave 
equation. 

Solution to Modified Wave Equation. 
terms, for small AS 

AS 


(7 1 AS 
y R 


Neglecting higher-order 


and, similarly, using the perfect-gas law and neglecting higher- 


order terms 

/ T RT. / Ps + 


AS 1 
R R 


dt [28] 


dQ ~ ] dQ 
RT> dt 


Equation [26], the wave equation, can now be expressed as 


l dQ 
(: + aS 


ort 


or? 


1 or 
c? ot? 


(: ) 
or 

Ox 


by using Equations [27] and [28], and by substituting ¢, for 
yR/(y —1). Then, when second-order terms are dropped, this 


equation becomes 
or 1 dQ 
= “ dt 
or? c, To OF , dt 


dt 


ort 
or 


[29] 


Letting 


= F(r) Gt) 
and 
= N(r) A(t) 


Equation [29] becomes 


1 aX dF 1 ian) 
* X dr dx X60 ‘ 
where the dot denotes differentiation with respect to time. 

Only two nontrivial assumptions will allow a separation of 


variables and a consequent solution; these assumptions are 


= = MX 


dr 


[32] 


SG dt = K@0 [33] 


where M and K are arbitrary constants. Since the point of 
interest is the possible phasing of the heat input with respect to 
pressure, the assumption of Equation [33] is not considered. 
Fowever, the assumption of Equation [32] can be made, and it 
can be shown that this amounts to an assumption of an amplitude 
of rate of heat input proportional to the pressure amplitude at 
each point. 
Using Equation [32], Equation [31] may be split as follows 
SG at 1 


16 


4r? 


[34] 
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and from Equation [32] 


In solving for 6, the derivative with respect to time is taken: 


thus, Equation [34] becomes 


2 
4 ( 7) 4 


It is now assumed that 


Resin wt 


G = N B e™ sin (wt + ¢) [37] 
Substituting these equations and their derivatives into Equation 
[36], it is found that the following equations must be satisfied 


~\2 
- 3 w?) + Mf N cos + (=) a 


o(w?-— 3a?) MN sing 4 


Solving for 


3c? M N cos 
cM N sin 


Since 


3c M Neos 


c?M N sin 


6 4 
w 
In this development, the amplitude of heat-input rate is 
assumed to be small, that is, 4 N is small, and — 


_ A? M N cos ¢ 
8 


Since a positive value of @ indicates an increasing amplitude of 
oscillation, the oscillation will increase in amplitude when cos 
¢ > 0, or — 4/2 < 
By substituting Equations [35] and [37] into Equation [30] 
1 dQ 


A 
=—NMAB 
2 


[38 
¢,To di 


2rz 
e™ sin (wt + ¢) cos - 
Using the relation for p given by Equation [23], and neglecting 
the smaller terms occasioned by small values of @ 


2rz 
~ at si coa - 
=~ —p BA on nw cos . [39] 


By comparing Equations [38] and [39], it is seen that @ is posi- 
tive, and driving of the osciliations will occur, when the phase 
difference between dQ/dt and p is less than 90 deg. Also, the 
maximum effect will occur when ¢ = 0, or when dQ/dt and p are 
directly in phase. This conclusion is the same as the previous 
statement that a component of the rate of heat input must be in 
phase with the pressure to drive the oscillation. 
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[Discussion 


W. V. Hanzatek.’ The authors are to be congratulated for 


that the obvious applications to turbojet and rocket combustion 


chambers were evidently kept constantly in mind. Since the use 


tems, it is refreshing that this paper reports a study in a way cul 


culated to speed the use of this information in future design and 


development procedures. 


In view of the fact that the three combustion chambers used 


were designed to the same principles employed in industry, it 
should be pointed out that this study was carried out at 1200 RK, 


a relatively low combustion-chamber discharge temperature com- 


pared with the modern turbojet values of 2000 R. One wonders 
therefore how these particular burner oscillations affected the 


combustion process which was an essential part of this test setup 


It would appear to be in order to incorporate these observations in 
iis paper if at all possible. Lither at 1200 R or at some higher 
temperature where there is less excess air, a study of the effect of 
flume structure, combustion efficiency, 


intlammability range,an! total pressure loss across the combustion 


burner oscillations on 


zone would be a significant extension of this paper. 
Although the authors have made every attempt to simulate 
typical combustion-chamber systems, no provision Was made to 


duplicate the introduction of excess air at right angles to the 
Admittedly this would tend to destroy any 
organ-pipe-type oscillations set up but it also might provide some 


through-flow. 


measure of the strength and action of these oscillations in a turbe- 
jetchamber. Similarly « study of the effect at the burner head of 


controlled turbulence, swirl or vortex flow on organ-pipe oseil- 


lations also would be « useful amplification of this work and tend 


to orient it within the operating regime of a more complex design 

The fact that this paper has stimulated these comments 
directed toward « broader use of its findings is a sign that it has 
filled a gap in the thinking concerned with the problem of oscil- 
lations in combustion-chamber systems. The number of practical 


* 


suggestions for ways to effect « particular oscillation phenomenon, 
included in this paper, also testify to its value and contribution 
to the subject 


7 A. JoHNson* Recently the problem of suppressing burner 
oscillation has become more important for both military and in- 
dustrial developments directed toward higher rates of heat re- 
lease. The advantages of burner oscillation from the stand- 

point of the development of some types of Wave machines and of 

the possibility of increased heat transfer represent another direc- 
tion of endeavor Greater urgency is attached to the problem of 
suppressing burner oscillation and « detinite contribution has been 
made in the analysis of the organ-pipe type of oscillation by the 
authors 

In addition to oscillations of the orgai-pipe type, to which the 
paper is limited, some remarks on the important type of oscilla- 
tion associated with appreciable movement of the flame front may 
be interesting to those faced with a burner-oscillation problem 

These frequencies in combustion units as shown in Fig. 1 (6) of the 

paper, are ordinarily much lower than the organ-pipe frequencies 

and are associated with high gas velocities in elongated confining 
tubes having small damping forces. It is known that this type of 
oscillation may be changed by variations in design 
corrective measures for unstable oscillations of this type have in- 
cluded the use of a flaine-stabilizing baffle in the fuel-air mixture 


Simple 


7 Project Engineer, Curtiss-Wright Corporation, Wright Aeronau- 
tical Division, Wood-Ridge,N.J. Jun ASME. 

* Vice-President and Chief Engineer, Thermal Research and Engi- 
neering Corporation. Conshohocken, Pa 
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parallel with the direction of flow but terminating at the thane 
front. Vanes to cause a rotating flow at the point of flame holding 
and downstream of the burner also have been reported to improve 
combustion stability, Another device used with some success is 
a type of muffle about the burner discharge point. 

However, apparently many unknown factors are involved in 
combustion stability, The authors’ comments on the effect of the 
following factors on both types of burner instability would be 


interesting: 

1 Inherent low-frequency combustion oscillations upon which 
recently developed electronic tlame-failure devices are based and 
the cause of this oscillation 

2 Blower or air-source pressure-tlow characteristics and the 


stability of flow due to this characteristic, 
3 Size of flow passage at the point of flame holding 7 

4 Use of liquid fuel-burners in which the fuel is not vaporized 
at the point of flame holding 7 
The writer wishes to congratulate the authors on an able pres — 
entation of factors involved in the increasingly important burner- 
oscillation field of study 
AutHons’ CLOSUKE 


Messrs. Hanzalek and Johnson have effectively pointed out 
the many complicating factors entering into the study of oseil- 
It is clear that much work 
remains to be done, both in obtaining new information, and in 
extending results such as those reported in this paper. To obtain 
the desired answers, the efforts of many additional investigators 


lations in combustion systems 


will be needed, beyond the relatively small number presently — 
engaged in work in this field 

In reply to Mr, Hanzalek’s question regarding temperature, a 
it might be mentioned that although tests on the burner configu- 
rations shown in Figs. and were conducted at about 
1200 R, temperatures as high as 2000 K were attained with the 
burner shown in Fig 1(+). 
tests on other combustion systems over 


The results of these tests, as well as 

wide ranges of tem-— 
perature, have shown that the hypothesis concerning the required 5 
phasing of the rate of heat release with the oscillating component — L 


of the pressure can be applied equally as well at temperatures of 3 
2000 R or higher as at 1200 R, to explain flame-driven oscillations, — e 
(s for the effect of oscillations on such factors as flame structure — 7 
and combustion efficiency, the following comments are offered: ‘ 
As a direct result of oscillations, the flame front of a laminar Hamie — 3 : 
in a low-velocity stream changes in shape, This effeet could be 3 


seen in the tests, since each time an oscillation started, the flames 
immediately became appreciably shorter and wider than the 
corresponding flames without oscillation, The change in shape 
for this type of flame can be explained by the fact that oscillations 
in the region of the flame tend to shift the flow pattern from a 
laminar type, with a parabolic velocity profile, toward a type of. 
potential flow which has a relatively flat velocity profile. How- 
ever, there has been no evidence that there is any change in 
fundamental variables, such as burning velocity, when an oseil- 
lation is 

For flow patterns in high-velocity streams, where the velocity 
profile tends to be flat, the oscillations do not affect the flow pat 
terndirectly. However, as a consequence of an increased mixing of 


* ©The Effect of High-Frequency Sound Waves on an Aur-Propane 
Flame,” by C. J. Kippenhan and H. O. Croft, Trans. ASME, vol. 74, / 
1952, pp. 1151-1155. : 

The Effect of Sound on Laminar Propane-Air blames,” by 8 
Loshaek, R. 8. Fein, and H. L. Olsen, Journal of the Acoustical Society 
of America, vol. 21, 1949, pp. 605-612 

"Interaction of Flaine Propagation and Flow Disturbance,”’ by 


G. H. Markstein, Third Symposium on Combustion, Flame, and Ex- 
plosion Phenomena, Williams and Wilkins, Baltimore, 1949, p 
162 
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fuel and oxidant caused by oscillations, or an increased mixing 
of burned and unburned gases, an increase in apparent flame speed 
and flame thickness may be obtained, as also an increase in rate of 
heat transfer to the surrounding gas stream, and to the com- 
bustor walls. Therefore the oscillations not only may cause a 
change in flame structure and an increase in combustion-chamber 
discharge temperature, but also, indirectly, may cause a change in 
These effects would be similar to the effects ob- 
Increased mixing might cause 
premature quenching of the outer mantle of the flames in the tube 
configuration of Fig. 1(a), where a large amount of excess air is 
present, but it is believed that the effect of this quenching on 
discharge temperature is insignificant, at least for the hydrogen- 


flow pattern. 
tained by increasing turbulence. 


air flames used, 

It should also be mentioned that oscillations may cause a 
decrease in flame hoiding ability,"° in much the same way that 
increased turbulence may cause the flame to be Jess stable in some 
types of burners, 

It is difficult to give specific answers to the questions raised by 
Mr. Johnson. 
made. Several types of low-frequency oscillations have been 


However, some broad general statements can be 
observed in various combustion systems, the Helmholtz type 
being one of frequent occurrence. This oscillation can be ob- 
tained with a burner configuration similar to that shown in Fig 
I(e). 

Another type of low-frequency oscillation has been observed 
in which the burning zone undergoes such violent changes in 
shape and size during a cycle that the region of combustion acts, 
in so far as frequency analysis is concerned, as an additional 
equivalent length of pipe. Because of this effective inerease in 
the length of the system, the natural frequency of the pipe with- 
out combustion, computed using the nominal length, is higher 
than the observed frequency with combustion. This type of 


"Flame Stabilization and Propagation in High-Velocity Gas 
Streams,"’ by G. C. Williams, H. C. Hottel, and A. C. Seurlock, Third 
Symposium on Combustion, Flame, and Explosion Phenomena, 
Williams and Wilkins, Baltimore, Md., 1949, pp. 21-40. 


oscillation might occur in any of the three configurations used, as 
well as in many others 

The flame can also act as an amplifier, either for pulses from 
other components of the system, such as a blower, or for random 
pulses traveling from the surrounding atmosphere into the com- 
bustion zone. This amplification may give rise to a troublesome 
pulsation at low frequency. 

In regard to the air-source pressure-flow characteristics of a 
system, some excellent information is available in a paper by 
Bailey? dealing with the surging, pulsation, and blowout of 
In this 
paper the principles of fluid dynamics are used to determine the 


semistable and unstable flow and combustion systems. 


conditions for instability in flow systems such as a furnace and 
stack and a blower discharging into a plenum chamber. Flow 
and entrainment instability and high-temperature dynamic 
instability in combustion systems are also discussed. 

If the flow passage is not greatly restricted at the point of flame 
holding in a combustion chamber, there is little effect on the caleu- 
lated natural frequency of the system. If a large restriction is 
imposed, the system will be effectively closed at this point, as far 
as oscillations are concerned, and the chamber will act as a 
quarter-wave tube. 

The last question proposed by Mr. Johnson brings up some 
interesting possibilities regarding flame-driven oscillations. 
Sinee the evaporation rate of fuel droplets changes with their 
velocity, it is reasonable to expect that with an oscillation present, 
there might be a periodic change in evaporation rate, and a 
corresponding periodic change in the concentration of fuel vapor 
at the flame front. This can lead to the satisfaction of the re- 
quirement regarding phasing of the rate of heat release and of the 
pressure which must be fulfilled to drive an oscillation. ‘Thus 
combustion systems, such as afterburners, may have oscillations 
driven by this mechanism as well as by other combinations of 
feedback cycles. 

“Flow and Combustion Stability,”’ by N. P. Bailey, ASME 
paper No. 51-—A-83, presented at the Annual Meeting, Atlantic 
City, N. J., November 25-30, 1951. 
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The energy loss in a combustion chamber, as a result of 


pressure drop, is generally found to be of relatively greate’ 
importance than the losses from combustion inefliciency 
Therefore it must be included in any parameter which 
claims to state the efliciency of the burner. Combustion 
efficiency alone does not serve this purpose. 
comparison is suggested and developed which allows com- 
bustion chambers to be compared on an over-all basis. 
By this method, any combustion chamber is assigned a 
single energy efficiency for each inlet condition, which 
includes the effects of both combustion efliciency and pres- 
sure drop. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
Ak = available energy in gas, Btu per Ib 
= Specific heat at constant pressure, Btu /Ib/deg 
C', = velocity coefficient of nozzle 
C, = velocity coefficient of burner-nozzle combination 
F = thrust of jet, Ib 
g = acceleration of gravity = 32.2 fps? 


J = Joule’s constant, 778 ft-lb/Btu 


Ms = mass flow, slugs/see 
r = total pressure in atmospheres may be used as pres- 
sure ratio in certain instances 
Rk = gas constant ft/deg F = 53.3 for air 
7 = temperature, deg F abs, total 
V; = jet velocity, fps 
VV, = velocity of burner relative to air source (applicable only 
when burner is on such devices as helicopter rotors), 
Ips 
k = ratio of specific heats 
7. = combustion efficiency 
€ = energy efficiency or combustor effectiveness 
® = over-all energy efficieney of burner-nozzle combina- 


tion = C,? = C,? 
Subscripls: 
1 = upstream of burner 


inside burner 
th = theoretical 
INTRODUCTION 


quality of a com- 
bustion chamber is usually defined by the combustion efficiency 


~ How good is a combustion chamber? The 


or the energy represented by air temperature rise compared to 
the heating value of the fuel used. 

1 Hiller Helicopters: formerly, Thermal Power Systems Division, 
General Engineering Laboratory, General Electric Company, Sche- 
nectady, Jun. ASME, 

Contributed by the Gas Turbine Power and Fuels Divisions and 
presented at the Semi-Annual Meeting, Cincinnati, Ohio, June 15-19, 
1952, of Tue AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, April 7, 
1952. Paper No. 52—SA-37. 
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Jasis for Compariso1 


tormance of Combustion Chambers 


A method of 


,of Per- 


eth 


If temperature rise is the only desired result of combustion 
then the combustion efficiency is the only parameter of concern, 
In general, however, the purpose of a combustion chamber is to 
take in air with a certain energy and deliver this air with a higher 
energy to a nozzle for expansion, where it provides thrust directly 
or operates a turbine. For these applications, pressure drops i. 
cause decreases in available energy comparable to those due to A 
combustion inefficiencies, and, therefore, should be included in 
any parameter which describes the actual worth of the eombus 
tion chamber. 
There is no doubt that an energy concept must finally be used 
in comparing combustion chambers. To give a combustion 
chamber an energy efficiency of, say, 90 per cent tells exactly 
_ how good it is, while to give a combustion efficiency without also 
Even given both 
~ combustion efficiency and pressure drop, the comparison of burn 


— mentioning pressure drop is of far less value. 


ers is vague, since energy is the desired result of burning and it is 
difficult to weigh mentally the relative effeets of combustion cf- 


ficieney and pressure drop on the over-all energy, Fig. 1. 
‘ 


~ 
Diagram or Comurverion Nozzur 


Fig. |) Senemarie 


EVALUATION oF ComBusror Eerecrive 


NESS 


The combustion chamber-energy eflieieney or combustor ef- 
fectiveness? ean be shown! to be given by 


AT 
! AT { } k ! {I 
where 
AT = theoretical temperature rise 
7, = burner-inlet total temperature 
n. = combustion efficiency = 
r, = burner-inlet total pressure, atm 
dr 
= percent pressure drop in burner ~ 
rT; 


for small values of (1 n,)anddr/r;, When either of these terms 
becomes large (over 10 per cent) the exact equation should be 


used 


2 Term suggested by Prof. D.G. Shepherd, of Cornell University, to 


prevent confusion with combustion efficiency 


2 Derived in Appendix. 
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juation [1] are plotted in Figs. 2 and 3 
in terms of percentage change in available energy for a per cent 
change in either (1 n-) or dr/r. The relative effects of com- 
bustion efficiency and pressure drop on combustor effectiveness 
can be quickly obtained from these figures. For example, at a 
temperature-rise ratio A7'/7', of 2:1 and a pressure ratio of 2.5, « 
1 per cent combustion efficiency change is equivalent to a 0.66 per 
cent change in available energy, whereas a 1 per cent change in 


The last two terms of bx 


pressure drop is equivalent to a 0.97 per cent change in available 
energy. It is seen, therefore, that a given percentage of pressure 
drop is 50 per cent more detrimental to combustor effectiveness in 
this case than the same per cent change of combustion efficiency, 
Figs. 2 and 3. 

Mquation [2] is plotted in Fig. 4 for a theoretical temperature- 
rise ratio (A7'/7',) of 2:1 and for a pressure ratio r,, of 2.5. 

At this pressure ratio and temperature rise, it can be seen that 
a combustion chamber with a 95 per cent combustion efficiency 
and a 6 per cent pressure drop is no better than one with a 92 per 


100 95 


Fic. 4 Enercy Erriciency or a ComBusTion CHAMBER 
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cent combustion efficiency and a 4 per cent pressure drop—in each 
case, a 91 per cent energy efficiency. 

It is proposed, therefore, that the use of Equations [1] and [2] 
be examined as a possible method of comparison of combustion 
chambers. 

This method has been applied to the test data of three stages of 
development of an actual burner. Combustion efficiencies are 
shown in Fig. 5 and pressure drops in Fig. 6. Note that the val- 
ues of € as shown in Fig. 7, are considerably less than the combus- 
tion efficiency. 


APPLICATION TO Test Data 


In all applications under consideration, the combustion cham- 
ber is followed by a nozzle. Generally, the combustion chamber 
is designed for a particular nozzle and it is a well-known fact that 
changing the nozzle often alters the characteristics of the burner 
This is true particularly for nozzle-area variation which directly 
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NICHOLS—-AN ENERGY BASIS FOR COMPARISON 


affects flow capacity and pressure drop and indirectly affects 
combustion efficiency. It is almost impossible to obtain valid 
combustor test data without using a nozzle similar to, if not iden- 
tical with, the nozzle which is to be actually applied with the 
combustion chamber. Let us assume that our combustion cham- 
ber is followed by a fully expanding nozzle with a velocity coef- 
ficient (,. The nozzle-jet velocity is given by 


V, = C, AE: 


OF PERFORMANCE OF COMBUSTION CHAMBERS © 3! 


As shown in Fig. 8, the effect of & is definitely second order. 
Since k can be obtained quite accurately from rather rough ap- 
proximations of pressure, temperature, and fuel-air ratio, it 
should cause no errors greater than the experimental errors. | 
Exception must be taken, however, to the effects of dissociation, 
which causes difficulties in interpretation, no matter what the 
technique. 


but = 
Ak, = eAEn 
V,=C, V2gJeAEn sil: 
« 
We can combine € and C, into an over-all energy efficiency zi: 
{3} 
or into an over-all velocity coefficient 
Cv =C e=V®..... 4) 
10 20 30 40 50 
~The value of any burner-nozzle combination can be given by PRESSURE RATIO + 
single coefficient ®, which has a definite meaning based on firm F/M + Vs 
energy concepts. hic. 8 - Versus Ratio Por FULLY 
The actual determination of this over-all energy efficiency from 
test is exceptionally simple to obtain. The test data are reduced A 
> - oe P/M + ¥, [5] A definite disagreement exists in the combustion field as vo the 
1@ V 2gRT method of measuring and specifying combustion-chamber per- 
5 a formance, . A large amount of time and money has been spent in 
where 7 - trying to solve the high-temperature measurement problem, 
F = measured thrust This development time is well spent. Accurate temperature 


(1 + f/a) 
M = mass flow = 
Tx» = theoretical temperature obtained from burner inlet 
temperature and fuel-air ratio, f/a 
V, = velocity of burner 


— = 
The theoretical value of this function, which is merely a nondi- 
mensional representation of jet velocity, is given by’ 


and is plotted in Fig. 8 for various values of k. Test values may 
be plotted on this curve and the ratio of the test values is Cr, the 
over-all burner-nozzle velocity coefficient. The over-all energy 
efficiency is given by ® = Cv*. 

The merit of this method of specifying the value of a burner is 
evident in that it requires measurement only of burner-inlet con- 
ditions and thrust, which is more conducive to accuracy than 
measurement of exhaust temperatures. If the nozzle-velocity 
coefficient is known, as is often the case, then the energy efficiency 
of the burner can be determined accurately, Equation [3]. If 
the nozzle velocity coefficient is not known, then a valuable over- 
all efficiency is still obtained, which can be compared with any 
other combustion chamber-nozzle combination with real meaning. 

Considering the present status of high-temperature measure- 
ment techniques, it is not difficult to realize that accuracy is in- 
creased and time saved during test by the replacement of a profile 
survey by a single thrust measurement. Thrust is a true inte- 
gration of a velocity profile, and the average velocity so obtained 
is a true indication of average temperature. 

Some question may arise as to the effect of k on the results. 


measurements are a necessity if combustion chambers are to be 


developed with good temperature profiles, as is so necessary for 

gas-turbine applications. 
Once a satisfactory temperature profile is obtained, however, 

the question of efficiency arises. Ordinarily, the emphasis is _ 

placed on high combustion efficiencies, with « lesser attention 

paid to the pressure drop. Also, the present test techniques seem 


to favor temperature measurements (no matter how difficult they 


are to obtain) as a method of obtaining these combustion efficien a 
cies. 

As shown in this paper, however, the pressure drop usually has 7 
a greater relative effect than the combustion efficiency on the et- - 


fectiveness of the combustion chamber. In any burner develop 
ment, it often occurs that combustion efficiency can be traded for 
This paper presents a method of determining 
It also 


is of use in comparing the performance of two basically different 


pressure drop. 
where the best bargain is obtained in this trading process, 


burners competing for the same job. 7 

equations [1] or [2], or Figs. 2 and 3, may be employed in re- r 
ducing pressure drop and combustion efficiency to an energy 
efficiency which we shall call combustor effectiveness, so as not to 
confuse it with the combustion efficiency. 

The use of combustor effectiveness as the specification of the 
performance of a burner should be considered for the following 
reasons: 

1 Itis based on fundamentally firm energy concepts. 

2 It defines a’realistic and practical property of a combustion 
chamber. 

3 It can be obtained from various test techniques, and is 
applicable to all existing test data. 

4 While including combustion efficiency, it can be obtained 
without the measurement of 4 single combustion temperature 
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The last reason is most significant and bears further explana- 
tion. ‘The effectiveness can be obtained from a knowledge of the 
inlet conditions of the burner and the thrust obtained from the 
burner-nozzle combination, applied either as a gas-turbine com- 
bustor or a direct-thrust device 

The substitution of thrust for temperature measurements 
considerably simplifies test procedure. It replaces a large 
number of temperature traverses by a single thrust measure- 
ment. Considering — the available temperature- 
measurement techniques, the measurement of thrust is considera- 


presently 


bly more accurate. 

Specific thrust is an integral of the true velocity profile and is an 
exact indieation of true average temperature. As such, a thrust 
measurement, taken simultaneously with a tempcrature-profile 
survey, can be used to correct temperature measurements which, 
while they may yield « valid indication of profile shape, may at 
the same time have an absolute error, 
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DrktvaATION OF EQuation [1] 


The available energy of the air in expanding through a pressure 
ratio r, is given by 


Differentiating 
d AK = ¢,7 


The actual available energy of the air after combustion is given 
by 


= — dT’) 


We can now define combustor effectiveness as 


ASME 


It can be shown that 


dT 
Tx 
+ 


' 
= theoretical temperature rise and by definition a 


where AT 
7 


Substituting Mquations [12] and [13] in [11] we obtain € in the 
form of mutually independent pressure and temperature terms 
AT 
T; k—1 
— (1 — 7.) — 
AT 
T, 


dr/r; 


(14) 


e=|]— 


DERIVATION OF FUNCTION 
F/M + V, 
V 2gRT xn 
The thrust of a fully expanding nozzle is given by 
Fe M(V V,) 
fora fully expanding nozzle is equal to 


V, = V 29S AEw 


where 


AEw = ¢,Tar — 
or 


but V; 


“git th k 


Substituting in Equation [15] 
——" 
t = = “( 2 4 


F/M + V, 
2gRT 2» 


The ideal value of 
F/M + V, 
V 2gRT 
is seen to be merely 7 


‘i 
hed 
AT adi * 
> 
| 
k—~1 
k 
Phe theoretical available energy after combustion is given by or . Ang 
r, * k 
, at! 
dl kon, = & 
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and is plotted in Fig. 8 for various values of k. 
The over-all efficiency of a burner-nozzle combination is found 
by plotting measured values of 
F/M +, 


on the same chart. The ratio of the actual to the theoretical 


im i 


value is C,, 
If the nozzle velocity coefficient C,,, is known, the combustor 


The over-all energy efficiency ®, is equal to C,?. 


effectiveness can be found from the equation 


= CZ 
Discussion 
-J.R. Parsons. The author presents a very useful method of 


combining the effeet on combustion-chamber evaluation of pres- 
sure drop and combustion efficiency into one term, “energy 
efficieney.”” This tool for comparison of combustion chambers on 
an energy basis is a start in the standardization of evaluation 
terms. Knowledge of combustion-chamber effectiveness is useful 
to both the engine designer and the burner designer. The engine 
designer needs to compare available combustion chambers on an 
energy basis so that he may select the one with lowest energy 
losses for his design. The burner designer needs this tool to 
know which cf several competing configurations is best. 

After several years of association with the author, the writer 
is sure that he is cognizant that comparison of burners on an 
energy basis comes only after each has been made to satisfs 
many other conditions such as carbon deposition, temperature 
profile, liner temperature, size, and stability. 

For instance, carbon deposition usually cannot be tolerated 
However, a rocket engine which employs fuel cooling along the 
inside wall of the combustion chamber accumulates a small 
amount of carbon. This fuel does not enter into the combustion 
process but discharges unburned. Energy efficieney in this 
example is secondary and is intentionally sacrificed. 

Flat temperature profile in a thrust-producing device, such as a 
rocket or burner exhausting directly to atmosphere, is of no con- 
sequence except as it affects liner temperature Thrust efficiency 
in this case is paramount in burner comparison. The gas turbine, 
however, requires a flat temperature profile, but is not penalized 
by weight or size to the same degree as a burner at the tip of the 
rotor of a jet-driven helicopter. Once the burner competing for 
use in a gas turbine has satisfactorily demonstrated (a) lack of 
carbon formation over the range of operating conditions; (6) 
flat temperature profile; (¢) satisfactory liner life; (d) satis- 
factory stability and ignitibility, it may then be compared with 
others for acceptance in a given gas-turbine eyele. 

It should be noted that the combustion-effectiveness number 
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which is assigned to a liner is significant only for a given com- 
pressor-turbine combination. This effectiveness number does not 
identify the liner at all times regardless of application. Like 
turbine or compressor efficiency it is applicable only when con 
sidered as part of a specific evele. 

Pressure drop oceurring in all combustion chambers results 
principally from incomplete recovery of velocity pressure from 
impinging jets, or similar entry, required to get sufficient mixing 
of air and fuel for good burning. The burner designer needs 
frequently to know during a development how much combustion 
efficiency he can exchange for pressure drop. The “minimum” 
pressure drop is determined by instability or carbon deposition ; 
the “optimum” is determined by its effeet on energy effectiveness. 


CLosuRE 


The author expresses his sincere appreciation to Mr, Parsons 
for his elarifving comments on this paper, In amplification of 
his discussion, the author wishes to re-emphasize that the purpose 
of this paper, as Mr. Parsons has clearly described, is to promote 
and demonstrate the use of a fundamental definition of the per- 
formance of a combustion chamber in the strict thermodynamic 
sense only. 

It has been the author’s conviction that the combustion sys- 
tems in gas turbines, and so on, have not enjoved the common 
use of fundamental definitions common to other power-plant 
components, such as turbines and compressors, There is no 
apparent reason why this should be so. True, the state of the 
art of combustion-chamber design is not yet advanced to the 
stage that compressor and turbine design have, but the fun 
damental thermodynamic laws are available and should be used 
wherever they apply. 

Long before the advent of the gas turbine, and its attendant 
needs for combustors, compressor and turbine-performance 
characteristics were defined by fundamentally sound terms, based 
on energy concepts, which were in common usage in describing 
performance of industrial compressors, superchargers, and 
steam turbines. No similar efficiency term was developed for 
combustion chambers. The combustor effectiveness as devel- 
oped in this paper, therefore, is suggested for application to com- 
bustion chambers in the same manner that compressor efficiency, 
for example, is applied to a compressor. Neither term can in 
itself guarantee a good design for a combustor or compressor, 
but both define the intended or finished product as to thermo- 
dynamic value. 

Naturally, many other properties of a combustor exist in 
addition to effectiveness, just as there are other properties of a 
compressor than efficiency, such as pulsation limit, flow range, 
and so on. The fact that these other properties are not yet 
amenable to exact numerical description does not detract from 
the value of standardized definitions of those properties to which 
fundamental and numerical descriptions do apply. 

For lack of « true efficiency definition the trend has been to 
use the combustion efficiency as the definition of combustor per- 
formance. As shown in this paper, this is not only fundamen- 
tally unsound, but in many instances can be misleading. For 
this reason, the author offers a more basic definition, which he 
has personally found convenient and accurate, for wider evalua- 
tion and possible acceptance in the field. 
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Comparative Performance of Coals 
Different Rank in a Film-Cooled 


Gas-Turbine Combustor 


By T. E. WARREN,? H. P. HUDSON,? J 


Development of a combustor adapted to a coal-burning 
gas turbine for locomotive use was undertaken for the 
Locomctive Development Committee by Battelle Memorial 
Institute some years ago. The coal used in the course of 
this development was from Ohio No. 8 seam, and no sys- 
tematic study was made of the effect of variation of coal 
properties on combustor performance. This phase of the 
general investigation was undertaken by the Fuels Division 
of the Mines Branch, Depart ment of Mines and Technical 
Surveys at Ottawa, Ontario, Canada. The present paper 
gives a report on 23 coals of various groups within the bi- 
tuminous class of the ASTM classification by rank. 


INTRODUCTION 


FP SECHNICAL problems involved in construction of a coal- 
burning gas-turbine locomotive have been investigated 
during the past 5 years by the Locomotive Development 

Committee of Bituminous Coal Research, Ine., under the direc- 

tion of John IL. Yellott. 


effort on adaptation of the open-cycle gas turbine to coal firing. 


The committee has concentrated its 


This cycle has the advantage of direct heating of the working 
gas but imposes the necessity of developing suitable means for 
feeding the coal] into the combustor, burning it under pressure, and 
It has 
been necessary therefore to undertake studies in diverse fields of 


removing ash before it encounters the turbine blading. 


technology and some of these have been assigned to established 
research organizations. 

Development of a combustor suited to locomotive requirements 
was undertaken by Battelle Memorial Institute. In the initial 
stages of this work it was found experimentally that pressure did 
not influence the rate of combustion of pulverized coal, and sub- 
sequently much of the testing has been conducted at atmospheric 
pressure. The most satisfactory type of combustor that has 
been evolved consists of « metallic flame tube made up of over- 
lapping louvers, enclosed in an outer shell. Coal and carrying 
air are admitted through a burner at the inlet end of the flame 
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tube; excess air passes through the annular space between the 
flame tube and the outer shell, and part of it flows through 
the louver slots forming a film of reiatively cool air along the 
inner side of the flame tube; near the outlet end another part of 
the excess air passes through circular holes in the flame tube so 
as to mix with the products of combustion and reduce the tem- 
perature peak at the center of the combustor outlet. About 10 
per cent of the total air is admitted at the burner, about 50 per 
cent through the film-air slots, and 40 per cent at the mixing 
section. 

The coal used in the course of combustor development at Bat- 
telle was from Ohio No. 8 seam and no systematic study was 
made of the effect of variation of coal properties on combustor 
performance. This phase of the general investigation was under- 
taken by the Fuels Division of the Mines Branch of the Depart- 
The 


present paper is a report on tests by the Mines Branch on 23 


ment of Mines and Technical Surveys at Ottawa, Ontario. 


coals of various groups within the bituminous class of the ASTM 
classification by rank, 


Fig. 1 shows the principal items of equipment employed in the 
tests at the Mines Branch laboratories including a pulverizer, a 
coal feeder, a blower, an oil-fired preheater, and a combustor. 
The pulverizer is a high-speed impact mill with a mechanical air 
separator; it delivers a product, 90 per cent of which passes a 
200-mesh sereen at arate of about 250 Ib per hr. The coal feeder 
is a stoker screw operating in a conduit; it is driven by a variable- 
speed drive and reduction gear. The serew transfers the pul- 
verized coal from the bottom of a 1-ton storage hopper, mounted 
on a scale, to the mixing box where it is picked up by a stream of 
air and delivered through a splitter to the burner grid. The 
blower is a centrifugal fan, rated at 15,000 efm against 30 in. of 
water, at 70 F, and barometric pressure 29.8 in. Hg, driven by a 
100-hp motor, The output of the blower is controlled by a 
shutter-type damper. 
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The function of the preheater is to raise the temperature of the 
air supply to the combustor to about 600 F in order to simulate 
conditions that would result from use of a regenerator. The pre- 
heater is made up of a perforated stainless-stee! flame tube 4 ft 
6 in. long and 19'/, in. diam contained in an S-ft length of 24-in. 
steel pipe. Oil is fed from a storage tank by a rotary gear pump 
to an atomizing nozzle in the inlet end of the flame tube. The oil- 
feed rate can be varied plus or minus 20 per cent by varying the 
pressure at the nozzle, The oil is ignited by a hydrogen flame. 
Products of combustion from the preheater are mixed with the 
total air from the blower in the preheater to provide «a uniform 
temperature entering the coal combustor, 

Fig. 2 shows the coal combustor which is of the film-cooled type 
similar to that developed at Battelle.® It is 7 ft long and 2 ft 


ic 


Fig. 2 


diam at the open end. The flame tube is supported in a 10-ft 
length of 30-in. steel pipe. The burner, in the head of the 
flamne tube, is of the grid type with nine nozzles arranged in a 6-in, 
square, The nozzles are supplied individually by a splitter 
which divides the stream of coal and carrying air into 9 equal 
parts. A spark-ignited oil flame is used for ignition of the coal. 
The combustor differs from that at Battelle in that a l-in. annu- 
lar opening was left round the grid burner. The purpose of this 
was to supply more air for support of combustion in the flame 
zone, 

The main air supply from the blower is measured by means of 
an orifice, piezometer ring, and manometer. The primary coal- 
carrying air is measured separately by an orifice and differential 
manometer, Temperatures are measured by systems of bare 
chromel-alume! thermocouples, located at the outlets of the pre- 
heater and combustor, and connected to a 30-point indicator. 
Ash samples for ash-balance calculation are collected through a 
I'/,-in. horizontal traversing tube by a single “aerotec’”’ dust- 
collecting tube, and led through « receiving cup with a canvas- 
bag filter for removal. Samples were taken by timing the 


traverse so that the sample would be fully representative of the’ 


combustion during the test. Larger samples of ash for other 
studies are collected by a cyclone separator from the bottom of 
the exhaust duct. The average coal-feed rate is determined by a 
continuous record of the time required to deliver 10-lb incre- 
ments from the storage hopper. 


PROCEDURE 


At the beginning of each test approximately 1000 Ib of coal are 
pulverized to a size distribution such that 90 per cent passes a 
200-mesh seive, The pulverized coal is stored in the feed hopper. 
The air streams are then turned on and the preheater and oil 
igniter started. ‘The coal feeder is started and when steady 
conditions are reached, the test measurements are begun. Tem- 
perature traverses are taken at the preheater outlet and the com- 
bustor outlet in such a manner that the arithmetic mean of eac!. 
set of readings is the average temperature. At the same time a 
traverse is made with the ash sampler at the combustor outlet at 
such a rate that the sample collected is representative of all the 
residue leaving the combustor. Observations are also made of 


the oil-feed rate to the preheater, the main-air-supply rate, the 
coal-carrying air rate and pressure, and the temperature and rela- 
tive humidity of the ambient air. 

With each coal, separate tests are made at different air and 
coal rates in order to give different temperature rises. The pre- 
heat temperature is maintained at approximately 600 F in all 
eases. The coual-carrying-air rate is adjusted to give the maxi- 
mum temperature rise after the main air- and coal-feed rates have 
reached steady conditions. 

With the present equipment and procedure, it was found dif- 
ficult to maintain steady operating conditions. The principal 
cause for fluctuating conditions appeared to be due to variations 
in the coal-feed rate. Usually these could be corrected by dis- 
charging all unused air from the compressor to avoid operation 
of the pressure regulator and give a constant pressure to the 
coal-carrying air. Adjustments also were made to the pressure- 
balance line to the storage hopper and the air supply to the aera- 
tors around the feeder so that the feed screw gave a more uniform 
output into the mixing box. 

Combustion efficiencies were calculated both by heat balance 
and ash balance. The heat-balance results, however, were found 
to be less reliable than those obtained by ash balance, probably 
because of radiation errors which caused inaccurate mean com- 
bustor-outlet temperatures. The ash-balance efficiencies might 
be expected to have one major source of error, namely, continued 
combustion after the sample has been taken from the combustor, 
but the fact that the sample could be collected in a canvas filter 
is evidence that this source of error did not apply in the present 
experiments. — Efficiencies based on ash-balance data have, there- 
fore, been used for correlation with the properties of the coals. 

Efficiency has been expressed by the following equation 
Heat loss as combustible 
matter in stack dust per 
Ib of coal charged 


Gross calorific 

value of coal, 
Btu per lb 
Efficiency = 
Gross calorific value of coal, Btu per Ib 
Where efficiency is shown as a single value for any coal the value 
is the arithmetic mean of efficiencies obtained in all tests made on 
the coal. Individual tests on each coal are given in Table 1 in 
increasing order of coal-to-air ratios. 


DESeCRIPTION OF CoaLs TESTED 


The samples employed in the tests were typical of various coals 
in normal use for steam locomotives in Canada. They were sup- 
plied by the two major Canadian railways, 12 from the Canadian 
National Railway, and 11 from the Canadian Pacific Railway. 
Fifteen of the coals were of Canadian origin and 8 were imported 
by the railways from the United States. All 23 samples were 
within the limits of the bituminous class of the ASTM classifi- 
cation according to rank. The properties of the coals, listed in 
order of combustion efficiency, are shown in Table 2. 


Discussion OF ResuLts 


The data in Table 1 indicate a major trend toward higher ef- 
ficiency with decrease in rank of the coals. This is shown more 
clearly in Table 3 where the average efficiencies for all tests on 
each coal are listed against classification by rank. Further, if 
the average efficiency for all coals in each group is listed as in 
Table 4 the coals are placed in inverse order of rank. 

The basis for classification of the five groups of the bituminous 
class changes between the high-volatile A and medium-volatile 
groups. Low and medium-volatile bituminous coals are classi- 
fied according to the percentage of volatile matter; the three high- 
volatile groups are classified according to calorific value. There- 
fore the continuous trend throughout the whole class was not 
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TABLE 1 RESULTS OF 


rESTS 


Combustion Combustion i 
Coal air eftheiency, Coal Coal, air efficiency, Coal AS 
Coal no. Test no. ratio X 10°? per cent rank Coal no Test no. ratio X 10 4 per cent rank : u 
1 1 144 95.5 11 1 7.4 63.3 
5 14.7 85.3 High vol 2 Ry 76.2 High vol. é 
2 16.3 86.4 bit. © 6 26 769 bit. B 
4 16.4 0 ‘ 161 74.8 
3 19.1 92.7 18 2 75.1 
2 4 6.7 90.5 a 
5 8.5 High vol 12 10.2 
1 10.8 81.2 bit. A 3 High vol 
= 4 2 12.1 S86 4 - 11 8 77.0 bit. A 
3 14.2 03.5 4 18.8 67.6 
3 5 84.0 13 1 14 727 
2 20.0 68.5 ) ro) 
2 14.4 83.8 bit. B 4 264 560 
3 16.0 85.5 
+? 4 19.0 v1.2 i4 2 110 63.0 7 
i 11 6 73.0 Med. vol 
98 77.8 3 11.8 60 4 bit. 
2 12.6 0 4 15 2 63 0 = 
3 14.1 8Y 5 High vol. 5 15 4 
> 4 14.5 89.3 bit. C 
ai 3 ‘ Med, vo 
5 90 79.8 8 28 4 40 
2 117 78.0 High vol. = 0 
12.0 70.4 bit A Med. vol. 
45 14.1 76.8 & 16.5 63.4 bit. 
6 17 6 76.0 4 22.1 66.0 
4 18 3 78.4 26.2 58 0 
6 91 70.2 17 1 13.3 5&8 
a 3 112 79.2 High vol. 2 15.5 621 Med. vol 
3 44 79.5 bit. A 16.5 61.5 bit 
4 17.1 78.6 3 20.8 53.0 
18.4 77.3 30.1 54.1 
18 131 58.2 
7 6.4 t 2 
9 4 2 High vol 2 16.8 59.3 Med. vol. 
3 R13 hit. B 3 Is 4 53.3 bit. = 
6 13.3 79.8 20 3 
4 14.1 1 13.8 45.5 
} 5 21.7 77.0 > 2 15.5 65.2 Med. vol. 
3 22.4 56.0 bit, 
8 98 4 43.7 50.5 
2 11.9 79.8 High vol 
15.1 78.8 bit. A 20 124 31.3 
’ 2 75.1 2 14.8 43.0 Med. vol 
5 22.7 72.3 3 17.0 44.5 bit 
‘a 4 23.9 73.4 
1 10.6 77.3 
6 10.6 78.3 High vol. 21 9 0 Med. vol 
. 2 13.0 76.1 bit. C 2 20 6 46.0 bit. 
3 14.2 75.7 22 15.3 55.2 Low vol 
4 16.2 74.3 $ 24.5 42.0 bit 
16.2 8.6 2 26.6 40.4 
7 10 3 10.7 764 23 7 2 11.4 33.2 
r a. 2 5.1 76.0 High vel 1 14 3 494 Med. vol 
l 16.4 76.6 bit. C 3 19.3 45.2 bit. ‘ 
4 22.2 69 3 4 32.4 46.8 
@! . 
7 a TABLE 2) PROPERTIES OF COALS TESTED i. 9 
ye 
Proximate analysis, as-received basis, per cent -~ Calorifie Free ————— Ash fusibility. 
i Coal ixed value swelling Initial, Softening, Fluid, 
no. Moisture Ash Volatile earbon Sulphur Btu/ib index deg t deg F deg 
8.2 17.1 31.7 43.0 02 10,000 NA® 2100 2310 2440 
2 3.9 10.3 37.4 i184 3.7 12,500 54 2060 2300 2420 yt 
7.9 36.8 45.9 3.5 11,900 5 1950 2080 
4 8.8 13.6 32.8 44.8 0.3 10,510 2170 2320 2460 
5 2.0 1 38.3 6 3.7 13,660 7'/2 2000 2190 23200 
6 3.3 22.3 30.0 44.4 06 10,948 1930 2030 
7.3 6.8 39.7 46.2 3 65 1950 2050 24000 
1.4 16.5 32.2 49.9 7.6 1920 2030 21 
4.8 13.8 36.7 14.7 3.9 11,765 6 2020 2110 
10 11.7 8.5 33.9 45.9 2.7 11,440 4 2100 2220 2500 S 
1] 6.1 9.8 37.6 46.5 3.4 12,240 51/2 1990 2130 24400 
12 1.8 14.5 31.3 52 7.2 12,514 1900 2010 22400 
13 3.6 16.0 24.4 60 1.6 12,130 A'/s 2500 2080 2700 + 
14 2.3 11.4 ‘3.3 62.1 04 13,090 7/3 2750 4 2750 4 2750 4 
15 3.1 11.8 24.7 60.4 0 6 13,100 O'/s 2300 2750 4 2750 4 
7 16 2.5 17.0 25.7 5ALS 0.5 12.080 2 2570 27504 2750 + 
» 17 oS 12.3 24.4 59 6 0.3 12,720 2 2290 2570 2700 
{ 18 3.2 21.8 21.3 53 7 0.3 11,300 ! 2750 4 2750 4 2750 4 
19 5.6 19.4 23.3 51.7 0.2 10,830 1 2690 2750 4 2750 + 
P 20 2.6 13.3 21.8 62.3 03 12,950 4 2320 2610 2740 
2) 5.4 15.6 24.1 54.9 0.3 11,750 1 2230 2630 2750 4 
22 1.6 10.5 169 71.0 04 13,770 4 2510 2630 270 4+ 
23 3.5 14.9 21.3 60.3 0.3 12,520 2 2320 2750 4 27504 
* Nonaggiomerating. 
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TABLE 32 AVERAGE EFFICIENCIES OF COALS TESTED 


Average 
efierenc 


Coal no Coal rank per cent 
1 iligh volatile bituminous au 
2 High volatile bituminous A = 88.8 
High volatile bituminous 86.7 
4 High volatile bituminous C 85.6 
4 High volatile bituminous A ta 78.6 
6 High volatile bituminous A vee 
7 High volatile bituminous BK > 
High volatile bituminous A 76.8 
y High volatile bituminous A 76 7 
High volatile biturninous C 74.6 
i} High volatile bituminous B @ 73.1 
12 High volatile bituminous A 72.7 
Medium volatile bituminous 66.0 
14 Medium volatile bituminous 7 65.6 
Medium volatile bitursinous 58 5 
16 Medium volatile bituminous 7 58.3 
17 Medium volatile bituminous - 57.9 
is Medium volatile bituminous ma 
19 Medium volatile bituminous 
20 Medium volatile bituminous 7 48 1 
21 Medium volatile bituminous 46.0 
22 Low volatile bituminous 45.9 
23 Medium volatile biturninous 6 


TABLE 4) AVERAGE EFFICIENCY FOR ALL COALS OF GIVEN 
RANK 


Average efficiency 
for all coals of 
given rank, 


Rank per cent 

High volatile bituminous © 83.3 

High volatile biturminous B 74.0 

High volatile bituminous A 78.5 

Medium volatile bituminous 55.6 

Low volatile bituminous 45.9 

100, 
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anticipated, and it is probable that the variation in efficiency is 
caused by change in the value of some property that varies con- 
tinuously with changing rank, 

The calorific value of the volatile matter is one such property. 
Heat liberated by combustion of the volatile matter near the 
burner raises the temperature of the remaining fixed carbon and, 
therefore, might be expected to influence its combustion rate. 

hig. 3 shows the plot of combustion efficiencies against the total 
In each case the 
While 
there is a great scatter of points a definite trend toward increas- 
The 


spread also increased in the same manner as evidenced by the 


calorifie value of the volatile tor each coal. 
maximum, minimum, and average efficiencies are shown 


ing efliciency with high heats in the volatile is evident. 


arbitrarily chosen boundary curves. 
To study further the effect of the volatile content itself to- 
gether with its calorific value, efficiency was plotted against the 


specific volatile index (SVI)® As can be seen in Fig. 4, a definite 


“Classification of Coals Using Specific Volatile Index,’ by J 
Burrough, f. Swartzman, and RK. A. Strong, Canada Department of 
Mines, Mines Branch, Ottawa, Publication No. 725-2. 
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TABLE 5 


Total Combustor 

Coal rate, air rate, Temp rise, outlet temp, Efficiency, 

lb/hr M Ib/hr deg F deg F per cent 
539 3 1083 
2 3 4a 1117 
A 6 1192 
970 
(572) 1041 
934 
982 
1091 
10ly 
1257 
1002 
1085 
1100 
1188 
1103 


100 


Coal and 
group 
(sample no.) 


o 


1163 
1104 
1061 
910 
1315 
933 
10098 
1206 
943 


Dw 


(S79) 
756 
884 


995 


(580) 
19 


M 
(581) 


w 


5 
2 
5 


2010 
588 
18 


trend toward higher efficiency with coals of lower SVI is evident 
but here the spread is more or less constant throughout the range. 
Taking the per cent volatile alone, neglecting its calorific value 
first on the as-received basis and then on the dry-and-ash-free 
basis, it is even more apparent from Figs. 5 and 6 that the 
trend is toward increasing efficiency with increased volatile con- 
tent. 
than in the plots which included the heat of the volatile as well. 
Another measurable property, the ‘free swelling index’”’ of the 
coals,’ would appear to have some relationship to the size of the 


It can be seen that in these two plots the scatter is less 


cenosphere formed under the conditions of combustion and so in- 
fluence combustion rate. Fig. 7 is a plot of efficiency versus this 
property and, while a trend toward higher efficiency with greater 
swelling is evident, the spread in the boundary curves is much 
greater than in any of the previous plots. 
as a complete contradiction are the two “nonagglomerate” coals 
These coals which do not swell at all and 
on which a microscopic study of the ash showed no evidence of 
cenosphere formation, practically rule out the free swelling index 
as a means of rating the coal. 


Also appearing almost 


with high efficiency. 


One plot which, to some, may be conspicuous by its absence is 
that of efficiency versus temperature rise but inspection of Table 
5 will show that no grouping of the coals by rank, or volatile will 


7 ASTM Designation: D 720-46. 
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RELATION OF EFFICIENCY AND TEMPERATURE 


Combustor 
outlet temp, Efficiency. 
deg i per cent 


Total 
air rate, 
M Ib hr 


Coal and 
group 
(sample no.) 


Coal rate, 


Temp rise, 
Ib/hr 


deg F 


1083 
720 
voy 

1080 

1198 

1131 


912 
1047 
1107 
1148 
838 


ROU 


(589) 


11 


kK 
(590) 


B 


(591) 


> 


COMBUSTION EFFICIENCY—- % 


FREE SWELLING INDEX ~~ 


give any consistent trend toward peak efficiencies at a given 
temperature rise. 

Another property related to rank which might influence effi- 
ciency is the reactivity of the distillation products of the coal, 


H 
537 46.8 202 48.0 
16 573 41.1 318 56.0 
M 566 34.7 410 63 4 
(586) 745 34.0 66.0 
910 34.1 5i4 58 0 
495 46.1 364 77.3 
i 9 517 40.1 424 761 
i A 410.1 470 757 
(587) 640 40.1 521 74.3 
572 35 6 426 78 6 
516 49.3 373 78 3 
= 685 416 5 61S 43.1 83.75 : - 
1 472 86.9 671 42.3 536 L121 85h ‘ 
(574) = 647 367 O52 B53 406 i4 4 
732 303 BRO 0.4 
23 562 278 872 33.2 = 
752 371 993 45.2 | 710 
= (576) 1255 487 1289 468 850 48 
539 261 815 727 680 54 
3 13 896 188 1123 68 5 
M 884 509 1126 66 8 
(57 ‘ §25 56 : 
383 40 | R57 RO 2 - 
773 558 76 6 151 410 65 O47 813 
10 782 550 76.0 565 41) “7 1057 
Cc 466 370 764 841 i78 1281 770 
(578) 86 | 638 69.3 684 6s 037 79.8 
71.4 5 430 18 816 70 8 
62 6 143 12 W323 
507 12 22 66 79 4 
56.0 A 27 1204 784 
an (593) 591 60 1008 76.8 
104 922 22 1081 76.0 
216 72: 12 512 13 77 “78 77.0 
sas 4 45843 32 046 74.9 
352 1016 (607) 760 40 1181 67.6 
740 1244 482 53 73 709 73.7 
158 735 5R 6 ?17 RSL 79 2 
314 984 59 A 630 $3.9 408 O86, 70.5 7 
267 R30 53 (608) 4 476 1061 78 6 
394 998 59 $37 447 1041 773 
625 283 832 73 526 54.1 317 832 77.9 
14 518 226 834 63 8 573 48.6 376 70.8 
M 185 268 604 A 650 43.4 isu 78 8 
(583) 511 326 1021 63 (610) 636 35.3 506 1168 75.1 i ‘ 
536 346 1047 68 4 794 35.4 669 1278 724 - mad 
10 
7 
| 
4 
a 
- 
i : 
' 2 3 4 s © 7 NA gl 
ly 
= 
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It is probably the reactivity of the fixed carbon remaining after 
very rapid distillation of small particles that is of significance in 
this connection. No samples suitable for reactivity measure- 
ments were collected in the present series of tests so that corre- 


lation of reactivity with efficiency is not yet possible. 
CONCLUSIONS 


Efficiency of combustion in a film-cooled combustor of a type 
proposed for use in coal-fired gas-turbine locomotives varies 
greatly with change in coal rank. The present tests indicate 

that bituminous coals of the high-volatile A, B, and C groups 
will, in general, give satisfactory performance. Coals of higher 


rank appear to be unsuitable because of low combustion effi- 


ciency, Tabulation of the coals tested in order of efficiency 
placed them in descending order of rank, 

A definite trend toward higher efficiencies with higher volatile 
contents and high-volatile heat contents is evident from the test 
data. Therefore one can safely say that coals of low rank, high- 
calorifice-value volatile and high-volatile content will prove satis- 
factory ina combustor of this type operated at atmospheric pres- 
sure 

To get satisfactory combustion of the higher rank, lower- 
volatile coals modifieation of the burner design appears to be 
necessary. Some increase in efficioney can be expeeted by opera- 
tion under pressure but for efficiencies constantly in the 85 95 
per cent range over the full range of North American coals con- 
siderable modification will be required. This may be expecting 
too much of any given combustor when one considers that any 
other existing combustor is designed to burn fuel falling in a com- 
paratively narrow band of variable properties, 


Discussion 


Hazarp. 
of combustion efficiency at atmospheric pressure with changes in 


Phe authors’ data indicate a large variation 


coal properties, while data from other sources, to the contrary, 
show little, if any, effeet of coal properties on combustion effi- 
ciency in gas-turbine tests at elevated pressures. The reasons 
for these extremely different results are probably the combined 
effeets of burner design and of pressure. [Tt would be of interest 
to know more about the comparative effects of each of these fac- 
tors, 

The burner used by the authors was similar to the multijet 
burner used at Battelle during combustor development work for 
Although 


the burner was unsuitable for use in a gas turbine because of its 


the Locomotive Development Committee of BCR, 


shape and characteristics, it gave the highest efficiency of any 
burner tested, and, thus served as a basis for comparison. It was 
felt that no burner would surpass it in efficiency, although im- 
in other characteristics was needed. The principal 
Battelle burner and that 


authors was the addition of a l-in. annular air space around the 


provement 
difference between the used by the 
periphery. Whereas the original burner admitted the coal with 
air in stoichiometric proportions, it appears, by comparison of 
areas, that this modification roughly doubled the air/fuel ratio at 
the burner. This apparently did not affect performance with 
high-volatile coals, because several values of efficiency above 90 
per cent are reported, However, it appears likely that it had a 
much greater effect on low-volatile coals, as these are particularly 
sensitive to high air/fuel ratios, and that much higher efficiencies 
might have been obtained at atmospheric pressure by some 
modification of air/fuel ratios. Thus the difference in data be- 
tween those at atmospheric pressure, and those in the gas turbine 


is probably not entirely due to the favorable effect of pressure in 


® Assistant Supervisor, Fuels Research Division, Battelle Memo- 
rial Institute, Columbus, Ohio. Mem. ASME. 
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raising flame temperature by reducing the proportion of radiation 
loss, but is probably influenced greatly by the air/fuel ratios at 
which the burner was operated. 


J. 1. anp F. D. Buckiey.” Early in 1949 the 
Canadian Bureau of Mines offered to undertake a combustion 
project to determine the efficiency of the Locomotive Develop- 
ment Committee’s combustor with a variety of Canadian coals. 
Enough components were available from the various programs to 
help them set up their test stand. The combustor was from 
Fontana, the burner and preheater were from Battelle, and the 
igniter Dunkirk. These 
Bureau into a test stand which was the best we knew how to set 


was from were engineered by the 
up at that time, and is the one used in the tests just reported. 

The combustor which was used was developed for the Locomo- 
tive Development Committee by the Turbodyne Corporation 
early in 1949. It 
burner of its own design at full-flow con- 


was tested with a coal 


ditions and under moderate pressure, at 

Fontana, Calif., where a spare blower in 

the Kaiser steel mill furnished the air. 
The burner deseribed in the paper was 


of the square multijet type. It was a 


a. 


Battelle version of an English design 


veloped by BCURA for use on Lancashire 


boilers, end had been used at Battelle in a 
different. combustion design. 


All atmospheric combustion work by the 
Locomotive Development Committee was 


7 


concluded when the Houdry turbine was 


ready for operation at Dunkirk, and the 
combustor development was continued on 
this unit because full locomotive condi- 
tion could be obtained for one combustor. 
The first combustor to be tested on the 
Houdry was similar to that shown in the 
paper in Fig. 2, but with a variation of 
ring supports and dome construction to 
permit: the use of a circular multijet 
burner. 

After a long series of major and minor 
Pic. 
Ring COMBUSTOR 
Usep DURING 
FourtH 250-Trst 
or Houpry Unit 


changes, in which the air proportion to the 
various sections and the type of construc- 
tion were altered, the combustor shown in 
Fig. 8 of this discussion appeared to give 
satisfactory efficiency, cleanliness, and life. 

The construction of the film-cooled section was changed to 
permit free radial expansion of each ring and yet hold axial align- 
ment, by the use of 12 radial pins. 
a separate cradle which was made of carbon. steel. 


These pins were supported in 
By this 
means distortion of the elements and consequent maldistribution 
of air were eliminated, and ash deposition was minimized. Com- 
bustors of this design have operated at high firing rates for well 
over 500 hr with no noticeable deterioration or distortion, and two 
of this design are now operating in the locomotive test plant. 

A number of disappointing experiences with various designs 
of multijet burners led to its abandonment in favor of an annular 
tvpe. It appeared that the grid burner was too critical to air 
proportion, and because of interference in the flow pattern, it 
To obtain high 
combustion efficiency the flame front had to be kept close to the 


caused recirculation within the dome section. 


® Director of Research, Locomotive Development Committee, 
Bituminous Coal Research, Inc., Baltimore, Md. Mem. ASME. 

Assistant Manager, Dunkirk Laboratory, Locomotive Develop- 
ment Committee, American Locomotive Company, Dunkirk, N. Y. 
Mem. ASME. 
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COAL 
PEABODY 
OIL BURNER 
RETURN 
ECONDARY AIR 
INLET 


Fic. 9 DuNKIRK ANNULAR BurNerR FoR PULVERIZED AND OIL 


nozzles which were usually melted away. Higher air velocities AUSTRALIAN LIGNITE wf 

down was very limited, even with an oil flame to maintain 

ignition. 
The anmilar burner shown in Fig. 9, herewith, was designed to 

accomplish several purposes. The mixture was blown Basis 

tangentially to the burner annulus to obtain uniform distribution 


at the burner tip. The swirling action was intended to throw the io an TT ee 


through the burner caused low efficiency and blowout. Turn- 


POCAHONTAS 
coal out into the combustion air coming through the dome. Ceti 
VOLATILE 


Auniliary air was allowed to pass on both the outside and inside of S 6: soe, WNCRCR 
the coal annulus. The air on the outside was whirled by vanes in 


| 


the dome in a direction counter to the coal-air stream, to produce 5 1 
400 300 600 ?00 @00 1000 
TEMPERATURE RISE IN COMBUSTOR 


a short flame. Air was admitted through the inner portion of the 


burner to prevent recirculation within the flame and to supply py 10 Asn Batance Comaustion Erricrency Versus Tempera- 


a central oil nozzle. This nozzle doubled as an igniter and a aie Ture Rise, Comsusror F 7 
burner for oii-fired operation. Many revisions were made in the © 
dome section, in conjunction with burner changes, to supply the eye LOW VOLATILE HIGH VOLATILE 
BITUMINOUS BITUMINOUS > LIGNITE 
0 


The curves in Fig. 10 show the results obtained with the pres- Pd 


proper air proportions and to prevent ash deposits. fo 4S 


ent combustor-burner combination in the Houdry unit with three 


-% 


coals representing high, medium, and low-volatile. These test 
results were obtained in the period from 1000 to 1250 hr of the 
Houdry turbine plant operation, with no oil-ignition flame used 
during the test runs. 

Although this combustor has never been operated at atmos- 
pheric pressure it can easily be seen that the efficiency and turn- 
down have been much improved over the combustor tested at the 
Canadian Bureau of Mines. 

Fig. 11 shows the results of Fig. 10 superimposed on Fig. 5 of 


cY 


mar 
TION EFFICIEN 


OmBU 


the paper. It can be seen that the improved combustor design 


has raised considerably the combustion efficiency for the low- = 


PERCENT VOLATILE (AS REC'D BASIS) 
Pia. 11 


volatile coals. 
Fig. 12, herewith, is a cross section of the Houdry combustor 


test stand. No louver separators were used ahead of the ash- 


sampling points. The combustion efficiency was determined by . 
geous to all concerned if this series of runs could be repeated with 


ash balance from ash collected on a horizontal traverse and, al- F 
the present combustor design. 


In conclusion we would like to thank the authors and the group 
at the Canadian Bureau of Mines for their interest in the gas-tur- 


though the sampling point was about 6 ft from the mixing section 
of the combustor, it had been determined that little additional 


combustion took place. 
bine combustion problem, and for taking it upon themselves to 


make this large series of tests. It is felt that these results will 
be more useful when they are correlated with similar test results 


In the tests which were made by the authors we feel that the 
low combustion efficiency was caused mainly by the multijet 
burner and its installation in the dome of the combustor. The " 
: ; , from a more advanced type of combustion system, 
1-in. annulus, which was left around the burner, would aggravate . 


the already poor characteristics of this type of burner. It is = os 
W. Youne."' The authors are to be commended for an 


doubtful to us whether many of the low-volatile coals could have 
excellent piece of work. Since the properties of bituminous coal 


been burned at all without the use of an oil-ignition flame. : ‘ 
The combustor development has progressed so far since these ‘TY 50% idely it is of course necessary that coals throughout the 


Canadian tests were m: ade that it would certainly seem advanta- i We waaens Research Laboratories, East Pittsburgh, 
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bituminous range be investigated for satisfactory combustor per- 
formance. The present investigation appears to have included 
any coal which conceivably might be encountered. 

Under “procedure”? the authors state that all coals were pul- 
verized to a size distribution such that GO per cent would pass a 
200-mesh sieve. For a given coal, the size-distribution curve 
(which normally is shown as a straight line on Rosin Rammler co- 
ordinates) has a slope which is characteristic of the pulverizer; 
hence, for a given coal, various distribution lines should be paral- 
lel. Therefore the location of one point, such as 00 per cent 
through 200-mesh, serves to identify the complete distribution. 
But for coals of widely varying properties, the question arises as 
to whether or not the distribution curves for various coals will be 
parallel, If they are not, they might all satisfy the specification 
of 90 per cent through 200 mesh, but the average particle size and 
over-all distribution upon which completeness of combustion 
depends possibly might be different. Have the authors investi- 
gated the over-all distributions of these coals, or at least obtained 
another point in addition to the 90 per cent through 200-mesh 
size? 

The fact that combustion efficiencies based on heat balances 
and ash balances do not agree would seem to give cause for some 
concern, The authors explain the discrepancy ¢4 being due to 
radiation errors presumably in the thermocoup.. readings. It 
should be possible to minimize these errors by proper choice of 
and location of the thermocouples, or at least to compute the 
radiation error, A question also arises as to the caleulation 
of efficiency by means of an ash balance. The authors express 
efficiency by the equation 
Heat loss as combustible 


of coal, Btu per Ib matter in stack dust per Ib 


of coal charged 


Gross calorific value of coal, Btu per Ib 


Frequently the combustible matter in the stack dust is assumed 
to be pure carbon with a heating value of 14,500 Btu/Ib, How- 
ever, at efficiencies less than 80 per cent and at these relatively 
low outlet temperatures, considerable volatile, with some un- 
known heating value, may still exist in the stack dust. An error, 
then, might be introduced if all the remaining combustible were 
considered to be carbon, Of course this error will not arise if the 
gress calorific value of the stack dust is used, as this automatically 
takes into account the heating value of any volatile. Would the 
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PULVERIZED COAL 7 ‘ao explain the method they use to determine the heat lost. as 


~ combustible matter in the stack dust? 


Fluctuating conditions due to variations in the coal feed rate 
are mentioned. Have the authors noted any difference in the 
various coals in regard to this difficulty? Specifically, have they 
noted any correlation between moisture, ash, and volatile con- 
tent, and uniformity of feed? 


Autuors’ CLOSURE 


The authors appreciate the written comments on this paper by 
Mr. Hazard. They point out that the chief difference between 
our test rig and that at Battelle, namely, the I-in. annular air 
space around the burner, was probably the cause of the very low 
efficiency of the higher rank coals. This space was not present 
during the first series of runs and a uniform low efficiency re- 
sulted throughout the whole range of coals. In the second 
series, reported in this paper, the 1 in. annulus was provided 
around the burner and together with improved pulverization, 
improved efficiency considerably on the first few coals. 

The comments by Messrs. Yellott and Buckley are much 
appreciated and serve to demonstrate the tremendous advances 
made by the LDC since our test rig was set up. We, at the 
Canadian Bureau of Mines, are pleased to see the LEC coming 
within sight of a successful completion to the “Coal-Fired Gas- 
Turbine Locomotive Project’ and are proud to have been 
associated even in a small way with them. 

Mr. Young's comments are constructive and are appreciated. 
They raise several interesting points, some of which can be 
answered, others which cannot. 

The over-all size distribution was not investigated fully but an 
unsuccessful attempt was made to correlate efficiency to per cent 
minus 325 mesh. In these tests all the coals passed 100 per 
cent through 100 mesh and the per cent through 325 mesh varied 
between 25 and 65. Thus one can see that the size-distribution 
curves on the Rosin Rammler co-ordinates were not parallel. 
In a previous series with the same coals but a different pulverizer, 
the per cent + 100 mesh was 10-25 and the per cent minus 200 
only 60-75, the resultant efficiencies being 10 per cent or more 
lower in the low-rank coals. In the medium-rank coals, efficien- 
cies with the coarser coal were only slightly lower and in high- 
rank coals were actually higher than with the finer coals. As 
pointed out earlier, the Lin. annulus around the burner was added 
at the same time as the new pulverizer was installed; thus the 
conclusion could be made that the changed air/fuel ratio probably 
canceled out. the improvement due to finer pulverization in the 
high-rank coals which are sensitive to air/fuel ratios. 

Heat loss as combustible in the stack dust was determined by 
assuming all combustible to be pure carbon with a heating value 
of 14,500 Btu per Ib. This, we agree, is not the most accurate 
method. However, on several of the poorer runs the ASTM test 
for volatile content was used and the highest analysis showed 
only 3 per cent volatile which would raise the combustion 
efficiency by 1 or 2 percentage points above that determined by 
assuming the combustible to be pure carbon. While our test 
results are not too conclusive, the value of using the ASTM 
volatile test for chars in still open to argument. In any future 
work we believe the best method would be to provide facilities 
for a calorific determination on the chars. 

Since the coal feeder was being modified constantly, no true 
evaluation of the effect of moisture, ash, and volatile could be 
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By R. E. CULLEN,' ANN ARBOR, MICH 


The effect of ambient pressure on the propagation rate 


of Bunsen flames in propane-air and ethylene-air mixtures 
It is concluded that the normal flame speed 
for the fuels studied varies inversely with the logarithm 


is described. 


of the pressure from atmospheric pressures to as low as 
1 in. Hg abs. 
number, is established that correlates the results with 


A nondimensional parameter, the Peclet 


four burner sizes, two fuels, and for the range of pressures 
It is concluded that the Peclet number must 
be kept large to avoid considerable reductions in flame 


investigated. 
speeds at subat mospheric pressures. 


INTRODUCTION 


PPE rate at which a flame front propagates through an un- 
burned mixture of combustible gases, Le, a process nhor- 
mally termed a fundamental 

portance to the design and operation of jet-combustion chambers. 


“deflagration,” of im- 
It is the purpose of this paper te describe the effect of ambient 
pressure on the propagation rate of flames in air mixtures of hy- 
drocarbon fuels similar to the fuels employed in present-day jet- 
combustion chambers (1).? In addition, a correlation of the pres- 
sure and seale effects upon flame-propagation rates by means of a 
nondimensional parameter, the Peclet: number, will be shown. 
The importance of this fact to the operation of jet combustors at 


extreme altitude conditions will be discussed, 


EXPERIMENTAL EQUIPMENT AND PROCEDURE 

In order to carry out an investigation of the pressure and scale 
on effects on flame-propagation rates, the Bunsen-burner flame 
was employed because of its inherent experimental advantages. 

The combustible mixture was introduced in the bottom of a 
vertical stainless-steel tube, 24 in. long, with an internal diame- 
ter 1°’, in. At the top of the tube one of four interchange- 
able, copvergent nozzles with exit. internal diameters of 4/5, 1/2, 
°/4, and 1'/, in. was installed, Fig. 1. A copper cooling coil 
around the retaining head of the burner assembly through which 


cold water circulated, was employed to keep the temperature of 
The burner assembly 
was mounted in the bottom of a pressure vessel constructed of 
'/-in. welded mild steel. The flames were observed through 
plate-glass windows mounted in the sides of the pressure vessel. 
The flames were ignited with a high-voltage discharge to the 
burner exit from a movable electrode. 

A sketch of the burner and pressure vessel appears in Fig. 2. 
A Nash Hytor vacuum pump was used to evacuate the pressure 
A high-pressure air ejector, 
operating from two 80-cu-ft pressure tanks at pressures from 1500 


the unburned gases relatively constant. 


vessel to moderately low pressures. 


psi to 2000 psi was employed to obtain the lowest pressures at 


' University of Michigan, Engineering Research Institute. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Gas Turbine Power Division and presented at 
the Semi-Annual Meeting, Cincinnati, Ohio, June 14-19, 1952, of 
Tae AMERICAN Socrety oF MecHaNnicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, April 
7, 1952. Paper No. 52—SA-39. 
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which flames were observed, ic., about Lin. Hg abs. The fuels 
used for the investigations were commercially pure propane and 
medical ethylene. The fuels were premixed with dry air in stor- 
age bottles at desired mixture concentrations and at a pressure 
of 240 psig. Four rotameters of various capacities, calibrated 
for air at a density of 0.073 lb/ft? were used to measure the flow 
rate of the combustible mixture. The temperature of the mixture 
at the burner exit prior to combustion was obtained by means of 
a thermocouple. 

A Leica 35-mm camera was used to photograph the flame. 
The film used in the experiments was Ansco Supreme, a moder- 
ately fast film with fine-grain characteristics. The photographs 
of the flames were mounted in glass slides and projected on white 
tracing paper to between 10 to 15 times natural size. The inner 
surface of the reaction zone was traced, with care being taken to 
record the absolute lower limit of the reaction zone near the 
burner exit. At the lower pressures where the reaction zone be- 
came thicker and more diffused, longer exposures were taken to 
insure that all of the luminous zone was recorded on the film. 
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The flame surface area was determined by graphical integration 
using the theorem of Pappus and Simpson’s rule. 

The normal flame-propagation rate, viz., normal flame speed, 
can be defined briefly as the rate at which a flame front traverses 
an unburned mixture of combustible gases normal to itself and 
relative to the unburned gases. The flame speeds were obtained 
by the Gouy area method which can be explained as follows: If 
we assume a constant flame speed over the whole flame surface, 
normal to the surface, the following continuity relation must 
apply 


= p,A,V,.. [1] 


where the area of the exit of the nozzle is given by Ao and the 
average velocity of the unburned mixture at the nozzle exit. is 
given by Py. The quantity of gas flowing Ay 7, must be burned 
at the flame surface A, If the density of the unburned gases 
po, at the exit of the tube is assumed equal to the density of the 
gases, py, immediately upstream of the inner limit of the reac- 
tion zone, then the normal flame speed V, is given by 


we V, 


>> 


However, the normal flame speed is not constant over the entire 
surface of the flame cone; therefore Vy as measured assumes an 
average value, 

The Gouy area relation, Equation [1], then, gives the average 
normal flame speed from two experimentally determined quanti- 
ties the volumetric rate of flow at the nozzle exit and the surface 
area of the flame. 

The runs using the */s-in., '/.-in., and ®/,-in. burners were ini- 
tiated at atmospheric pressure, while the runs using the 1!/,-in. 
burner were initiated at 13 in. Hg abs for the propane-air flames 


and 10 in. Hg abs for the ethylene-air flames. These were the 


Fia. 3 


(Fuel-air ratio -0.0836 Ib ethylene ‘Ib air 


BUNSEN FLAMES AT SuBATMOSPHERIC Pressures */s-IN. BURNER 
Numbers under photographs indicate pressure in inches Hg absolute.) 


highest pressures at which laminar flames could be burned in the 
1'/,-in. burner without the development of turbulence in the flow. 
The volumetric flow rate to the flame was kept to a fairly con- 
stant value except at low pressures where it was reduced slightly 
to prevent the flame from blowing off. The temperature of the 
mixture at. the burner exit prior to combustion, as measured by 
a thermocouple, varied between 82 and 91 F for all the runs. 
These small temperature variations proved to have a negligible 
effect on flame speed. The lower pressure limit attained with the 
four burners varied between about 1 in. Hg abs for the 1'/,-in. 
burner with an ethylene-air mixture and 6 in. Hg abs for the 
3/,-in. burner with a propane-air mixture. A fuel-air mixture of 
0.067 Ib of propane per Ib of air, ie., the mixture for maximum 
flame speed, was used for all the runs made with propane-air as 
the combustible. A fuel-air ratio of 0.0836 Ib of ethylene per Ib 
of air was used for the ethylene-air runs, 


RESULTS AND CONCLUSIONS 


The photographs of ethylene-air flames burning from the */5- 
in. burner are reproduced in Fig. 3 to show graphically the effect 
of pressure on the shape of the flame and the thickness of the reac- 
It will be noted that the shape of the flame front 
changes from that of a pointed cone at atmo®pheric pressure to 
In addition, the thiek- 
ness of the reaction zone, ie., the white band on the photographs, 


tion zone, 
a perfectly flat flame at 3.6 in. Hg abs. 


continually increases with decreasing pressures, 

Fig. | shows a comparison of flames burning from the four 
different-size burners at the same pressure. In the left column 
are ethylene-air flames burning from the four different-size burn- 
ers at din. Hg abs and in the right column are propane-air flames 
at 6in. Hg abs. It should be stated that although the thickness 
of the reaction zone appears much larger for the flames burning 
from the smaller burners, actually the reaction-zone thickness is 
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Fie. 4 Propanr-Arr FLAMES AND E-rHyYLENE-AIR FLAMES BURNING 
From Four Dirrerent DiaMeTeR BURNERS AT SUBATMOSPHERIC 
Pressures. Fver-Atr Ratrio—0.0836 La Arr 


(Left column: Ethylene-air flames at 4 in. Hg abs. Right column: Pro- 

pane-air flames at 6 in. Hg abs Fuel-air ratio -0.067 Ib propane/Ib air 

A, 1'/¢-in-diam burner; B, ®/s-in-diam burner; C, '/y-in-diam burner; 
1D), s-in-diam burner.) 


the same at any given pressure. This effect results from the fact 
that the flames are enlarged to different degrees to make the flames 
appear the same size for all four burners, 

It would appear, then, comparing the flame photographs of 
Pig. 3 and Fig. 4, that both variables, pressure and burner size, 
have the same effect on the shape of the reaction zone, Le., a re- 
duction in pressure holding the burner diameter constant, and a 
reduction in burner diameter holding the pressure constant result 
in progressively flatter flames. With this point in mind the ex- 
perimental results showing the effect of pressure and burner size 
on flame speed can be pictured more clearly. 

Fig. 5 is a plot of normal flame speed versus the logarithm of 
the pressure for propane-air flames burning from the four ditferent- 
size burners. Fig. 6 is a similar plot with ethylene-air flames. 
For any given burner size the normal flame speed increases with 
decreasing pressure reaching & maximum value at a pressure be- 
low which the flame speed drops off sharply. For larger burners 
this maximum flarne speed occurs at progressively lower pressures. 

Furthermore, it appears from the curves that there exists an 
upper envelope whereby at any given pressure, if,the burner size 
is made large enough, a value of flame speed is approached that is 
independent of burner size. This envelope is represented by 
the dashed line in both plots. 
that the normal flame speed which is independent of burner size, 
i.e., the “true” normal flame speed, varies inversely with the loga- 


This envelope indicates then, 
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This 
effeet must be incorrect in the limits because it predicts an in- 


rithm of the pressure within the range of pressures studied. 


finite flame speed at zero pressure, and at flame speed equal to 
zero at some large finite pressure. Further experiments with 
larger and smaller burners would have to be conducted at lower 
and higher pressures, respectively, to substantiate this logarith- 
mic variation in flame speed with pressure. 

In an attempt to understand the mechanism by which the 
burner size itself can have a pronounced effect on flame speed let 
us view the phenomenon of flame propagation solely from the 
standpoint of thermal conduction, 

Consider, as in Fig. 7, a stream tube in a small portion of a large 
combustible mixture moving with linear velocity u, so that the 
flame front is stationary with respect to a fixed co-ordinate sys- 
Assume that the gases moving from the left are at some 
are heated by conduction to some temper- 


tem, 
temperature 7',, and 
ature 7. At this point chemical reaction commences and the 
gases burn to some temperature 7',, at} which point the com- 
bustion is completed. This infers a finite reaction zone thick- 


ness, 2. Confining our attention to the zone immediately up- 


17, 
e 
j 
| 
[a+ 
14 
22 
\ 
\ 
| 
a, 
a oO * 
o \ 
‘oO \ 7 
A 4 3 | : 
| 
Cc 
} 
4 
f- 
/ 


= 


= 
a 
| 
| 
! 
! 
X» 
DISTANCE 


hia. 7) Temperature Variation REACTION ZONE Basen 
ON THeory 


stream of 7y): if the temperature at any one point is to remain 
constant with time, then the heat transfer by conduction must be 
equal to the heat transfer by convection. This can be expressed, 
assuming 7’ as a funetion of 7 only, as a total differential equation 


eT pul’, dT’ 


0 : 
dx? (3) 


where p is the density of the gases, corresponding to the tempera- 
ture 7, of the unburned gases an infinite distance from the reac- 


tion zone, C 


is the mean specific heat of the gases at constant 


pressure, and & is the thermal conductivity. 
Equation [3] solves by operators to 
pr 


T= C, + Ce 


— Putting in the following boundary conditions 


and 


T=T,, atx =0 


and solving for the constants C; and C,, Equation [4] reduces to 
puC pr 


Since with the case of a stationary flame, u = V, (the normal flame 
speed), Equation [5] can be put in the form 


— 


Kquation [6], however, does not allow for the explicit solution 
for V, unless the temperature 7’ is known at some finite distance 
r, in advance of the flame front. Differentiating Equation [5] 
with respect to 2 and putting in the condition that 77 = 7, at 


dT 
(T; 7 
(2 k [7] 


Assuming that the temperature is a linear variation with dis- 
tance through the flame front from Fig. 7 


dT T, 
[8] 
dr T=T iy 
Setting Equation [7] equal to Equatien [8] and solving for V, 
k 
V, = — (7 
pe pth 


Equation [9] is the classical relation of Mallard and LeChatelier 
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treating flame propagation solely from the standpoint of thermal 
conduction. 

Let us now consider how the burner itself in the form of a heat 
sink ean affect the propagation rate of a flame. Assume that 
some sort of heat sink exists at a distance X in advance of the 
reaction zone, Assume further that the heat sink transports 


away the heat conducted to it from the reaction zone by some 


means so that the temperature of the unburned gases at a dis- 
tance A from the reaction zone is equal to the temperature of the 
unburned gases at infinity, 7’,. 


Taking Equation [4] and putting in the new boundary condi- 
tion that 


T=T, at =—AdA 


with the previous boundary condition used in the development of 
the Mallard and LeChatelier relation that 


T=T;,, at zr =0 


‘@ 


Solving for the constants C; and C,, Equation [4] reduces to 


T=T (, ) [10] 
k é k 


Differentiating Equation [10] with respect to 2 and putting in 
the conditions that T = T,, atz = Oand u = V,,, where V,, 
is the normal flame speed in the presence of a heat sink at a 
distance \ in advance of the reaction zone 


[11] 
€ k 


dr /T=Tig 


Equation [11] represents the temperature gradient at r = 0 
for the case with the heat sink present. Equation [7] repre- 
sents the temperature gradient at z = 0 for the case without the 
heat sink. Relating Equation [7] and Equation [11] with the as- 
sumption that the temperature gradients are the same for the 
case with the heat sink and without the heat sink 


k _ pV sal). 
li—e k 


which reduces to 
_P Veal pr 


V,./V, =1—e 


Equation [13], then, represents the ratio of the normal flame 
speed V,,, in the presence of a heat sink to the normal 
flame speed V,, without a heat sink. It predicts an exponen- 
tial variation of the ratio of the two flame speeds with the Peclet 
number pV,, C, A/k. It indicates that for small values of this 
parameter, V,, approaches zero, An examination of the varia- 
bles that make up the Peclet number shows that it is simply the 
product of the Reynolds number and the Prandtl number. The 
Prandtl number C,u/k, is practically independent of pressure as 
is the coefficient of viscosity uw. Therefore, C,/k is practically 
independent of pressure. Thus the only pressure-dependent 
variables appearing in the Peclet number are p, V,,, and X. 

In order to correlate. the effect of pressure and burner size on 
flame speed, if, instead of basing the Poclet number on the char- 
acteristic distance \ we base it on the burner diameter D,, then 
Equation [13] can be rewritten as foilows 


= 1 —e 
where 8 = const with A = Bp. - 
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From Equation [14] we see that there is an exponential relation- 
ship between V,,/V, and the Peclet number whereby V,4/V, ap- 
proaches zero as either ); or p approaches zero, Since this is in 
accordance with the trends of the experimental curves of Figs. 5 
and 6, it would seem reasonable that a plot of V,,/V, versus the 
Peclet number ‘rom the experimental data in Figs. 5 and 6 might 
correlate all the experimental data. 

Fig. 8, then, is a plot of this relationship. The values of V,, 
used are the actual normal flame speeds as measured while the 
valuesof V,are taken fromthe envelope of the curvesas the “true 
flame speed unaffeeted by the burner size. 
close correlation of all the data that the Peclet number represents 


It appears from the 


a nondimensional parameter that describes the effect of burner 
size and pressure on flame speed. Large Peclet numbers are de- 
sirable if the observed flame speed is to agree with the true 


flame speed. 


CONCLUSION 


It is significant that the foregoing correlation by means of the 
Peclet number could be of considerable importance to the design 
and operation of jet-combustion chambers at extreme altitude 
it would indicate that at high altitudes an increase 
in the scale of the combustor might tend to eliminate the deleter- 


conditions. 


ious effect of heat sink on the processes occurring in the combus- 
tion zone. 

It is interesting to conjecture that there might be another way 
of reducing the effect of a heat sink on combustion processes. 
Present-day combustion-chamber walls are made of metals with 
structural limits at temperatures well below the temperatures 
existing in the combustion zone. If a high-temperature ceramic 
material is used on the inner walls of the combustion chamber, 
and instead of deliberately cooling the walls by some regener- 
ative process, they are allowed to reach a temperature very close 
to the temperature of the flame itself, then the walls as a heat 
investigations of 


sink are virtually eliminated. Preliminary 


ceramic-lined ducts without conventional flameholders at the 


University of Michigan (2) indicate that such a configuration 


warrants considerable attention. 
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Discussion 


W. T. Otsont anp Mecvin Gersrein.' Research on flame- 
propagation rates at reduced pressures in which particular care 
and attention has been paid to experimental conditions, as the 
author has done, is quite pertinent in view of the differences in the 
pressure effects reported in the literature. In some of the re- 
ported studies, burner diameter has not been varied as the author 
and others have shown to be necessary. Culshaw and Garside® 
find burning velocity to be independent of mixture flow, while 
Albright, Heath, and Thena® do not; the author has held flow 
rate fairly constant. 

A relation for the effeet of pressure and burner size on flame 
speed such as that presented in the paper has obvious engineering 
usefulness. In reviewing the literature, Dr. D. M. Simon of our 
laboratory has noted that, although flame velocities for hot flames 
like acetylene, or ethylene-oxygen are nearly independent of 
pressure, the pressure dependence of flame velocity for paraffin 
hydrocarbons in general follows the form Uy;ap~", where n is be- 
tween 0.2 and 0.4 for the various reported data. Such a relation 
agrees with the small effect of pressure reported by the author. 

With regard to the mechanism of flame propagation, the exact 
mechanism depends on the conduction of heat, the diffusion of 
molecular and atomic species, and a set of particular chemical 
reactions. The author has successfully treated his data with an 
approximate mechanism based on thermal conduction. It would 
be interesting to see to what extent a mechanism based on the 
diffusion of molecular and atomic species accounts for the obser- 
vations. 

With regard to the flame shapes of Figs. 3 and 4 of the paper, the 
effects shown are probably infiuenced by the velocity profile at 
the burner outlet as well as by the quenching action of the burner, 
because the contraction ratios used were too small to assure flat 
velocity profiles, except for the case of the smallest burner. The 
flatter flames on the smaller burners also have flatter velocity pro- 
files. Because flame speed was measured by determining total 
flame area, these data should be independent of the velocity pro- 
file. 


A. A. Purnam.? This paper is of interest both to those who 
must design and develop combustion chambers operating under 
varying pressures, and those who are interested in fundamental 
combustion problems, However, it is believed that the presenta- 
tion has been oversimplified by neglect of a third dimensionless 
group, the ratio of jet velocity to flame speed. 

Fig. 9, herewith, shows some data on the stability limits 
of a stoichiometric mixture of propane and air for two dif- 
ferent Bunsen-tube diameters. The data are correlated by the 
dimensionless parameters used, that is, the ratio of jet velocity to 
flame speed, and the Peclet number based on flame speed. That 
data for other fuels also will agree with these data is indicated by 
a comparison in the literature.’ It should be mentioned that the 
blowoff section of the data moves to the left as the mixture be- 
comes richer. However, for one mixture ratio, we may conclude 
that the data can be correlated on one plot. Such a conclusion is 
also valid for the case of tests on accelerating nozzles. 

It. appears that the data presented on the change in flame speed 
were all taken with essentially a constant jet velocity. If the 

* Lewis Flight Propulsion Laboratory, NACA, Cleveland, Ohio. 

® Author's bibliography, reference (7). 

® Author's bibliography, reference (10) 

7 Battelle Memorial Institute, Columbus, Ohio. Jun. ASME, 

S“Application of Dimensionless Numbers to Flash-Back and 
Other Combustion Phenomena,” Third Symposium on Combustion, 
Flames and Explosion Phenomena, The Williams and Wilkins Com- 
pany, Baltimore, Md., 1949, p. 89. 
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true flame speed does not vary too much with pressure, then all 
the tests results fall on a horizontal line across Fig. 9 of this dis- 
cussion, and any property of the flame that is measured will be 
only a function of the one dimensionless parameter, the Peclet 
number based on flame speed. 

This is essentially what has been found in the paper under dis- 
cussion; that is, that the ratio of observed to true flame speed is a 
function only of the Peclet number, whether based on observed 
flame speed or on true flame speed. 

It may be further noted in Figs. 3 and 4 of the paper that the 
flames are held in the region of the edge of the jet, where there is a 
diffusion mixing of the jet with the ambient atmosphere of the 
combustion chamber. This tends to lower the flame speed in 
this region. As the pressure decreases, the diffusion region be- 
comes larger, a greater portion of the flame front is subjected to 
diffusion effects, amd the average flame speed decreases. Thus 
the flame speed may be decreased not only by heat loss but by 
diffusion. Since the Peclet number is related by an essentially 
constant ratio to the dimensionless groups which control the 
amount of diffusion, that is, the Reynolds number and a group like 
the Reynolds number, but with the diffusion coefficient replacing 
the kinematic viscosity, it is difficult to evaluate the relative in- 
fluences of the two effects. However, a comparison of curves 
similar to those of Fig. 8 of the paper, but for different velocities, 
might lead to a further insight into this problem. 


Kurr Won. The simple correlation between burning veloc- 
ity and tube diameter at various pressures expressed in Equation 
[14] of the paper seems to be new and interesting. The situation 
is too complicated for an exact treatment; thus short cuts like the 
one proposed by the author appear welcome. 

The author considers the temperature curve upstream of a 
flame front, Fig. 7 of the paper, and chooses the point at which the 
temperature equals “the ignition temperature’’ 7’; as zero point 
for distances perpendicular to the flame front. A laminar stream 
of combustible gas is assumed to pass perpendicularly through a 
plane heat sink and to create a plane parallel flame front. An 
equation is developed, Equation [13], which gives the distance of 
the ignition point (i.e., the point where 7’ = 7',;) from the heat 
sink as a function of the velocity of the stream. The normal 
burning velocity V, equals this velocity for the limiting case of an 
infinite distance. For smaller velocities V,, the distance ac- 
quires the finite value A. 

In deriving this equation the author assumes that the slope of 
the curve of Fig. 7 at 7; is independent of the distance of the 
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ignition point from the plane of the heat sink, and that the burn- 
ing velocity remains finite until the ignition point touches this 
plane. 


CULL.EN—FLAME PROPAGATION 


Both assumptions are true if the effect. of the heat. sink on 
the flame front would be restricted to the part of the curve with 7' 

T, and would vanish at this point. One might 
this simplifying assumption is permissible. It would be presumed 
that tie slope at 7’ = 7’; is inversely proportional to V, 
ignition temperature and maximum flame 
unchanged, as follows from the equation XY, = V,¢ (flame-front 
thickness equals burning velocity times mean chemical reaction 
period). Equation [13] would then read 


Vi 


It would further be assumed that the equation is restricted to not- 
too-small values of V, 


ask how far 


us long as 


temperature remain 


The basic equation developed by the author is applied to Bun- 
For this case, 
average burning velocity determined from the total area of the 
upstream boundary of the burning zone, and X is replaced by 8 
bD(p D = tube diameter). It is interesting that the 
resulting Equation [14] can be verified within the range of varia- 
bles studied, Fig. 8 of the paper. 
sirable to extend the range of variables to larger tube diameters 
at low pressure. 

It is difficult to judge the application of the theory of the au- 
thor to Bunsen flames burning above tubes from the theoretical 


sen flames burning above tubes. V, means the 


= const, 


However, it would be de- 


point of view since the physical situation in this case is so very 
different from the one underlying his Equation [13]. It may well 
be that the averaging procedure as such is taken care of by the 
constant coefficient 6B in Equation [14]. But quite apart from 
this point, the relationship between burning velocity and location 
of the heat sink is as simple as is claimed only if the gas passes 
perpendicularly through the sink and if the flame front is paral- 
lel to it, as was mentioned. In reality, the gas flow is 
about parallel to the surface of the heat, sink (i.e., the tube 
and the flame front forms various angles with this surface which 
go from very small to 90 deg.” 

Moreover, the the tube, and the 
dead space between the tube port and the flame base is rather 
large at low pressure. Thus the unbounded atmosphere affects 
the outer parts of the flame too. The inner parts of the flame 
usually experience very little quenching since their position is 
considerably above the tube, and since they are protected against 


however, 
wall) 


flame actually burns above 


direct influence by the atmosphere through the outer parts of the 
flame front, Figs. 3 and 4 of the paper. Only with flat flames, the 
quenching effect may extend to the tube axis. 


© Por part of the arising problems, refer to G. von Elbe and B. 
Lewis in “Third Symposium on Combustion and Flame and Explo- 
sion Phenomena,”’ The Williams and Wilkins Co., Baltimore, Md., 


1949, p. 68. 


AT SUBATMOSPHERIC PRESSURES al 


In case of flames, the shape of which is between hemispherical 
and flat, With these flames, 
observed at low pressures and small tube diameters, the velocity 
profile of the 


another difficulty arises. which are 
approach stream is flattened and the dead space is 
relatively large so that a substantial part of the combustible gas 
does not pass through the primary flame front. The true 


burning velocity is thus lower than calculated, 


average 


In view of these uncertainties, the following empirical : _— ‘h 


may be worth testing: Assume the differential equation 


where x, is the thickness of the flame front according to Equation 
[8S]. Assume that Vy 
stant which is smaller than 1. 


becomes zero when A= acr,, @ being a con- 
There follows by integration 


V./V, = 
If instead of Equation [9] of the paper the : 


ry 


one obtains instead of equation [13] 


ipproximation is used 


K 
pCpyv, 


=1 


If @ is made equal to zero the equation still differs from Mquation 


13] by containing V, on the right side instead of 


AvutTuor’s CLOSURE 


with the 
However, one point that was mentioned by Kurt 
Wohl merits further discussion, 

His statement that the 
sink and that the flame front forms various angles with the sur- 
It is felt: that 
than an empirical one can be made experimentally using a porous 


The author is in vessential agreement comments of 


the discussers. 
gus flow is about parallel to the heat 


face is true indeed. a more profitable approach 
plug through which the combustible mixture is allowed to flow 
Thus 
the distance A of the flame front from the heat sink, the tempera- 
ture of the heat sink, and the flow velocity can be varied at dif- 
Then the effect of a heat sink which 


affects the flame front equally at every point can be investigated, 


with a flat flame stabilized above the surface of the plug. 


ferent ambient pressures. 


With this information, coupled with additional information of the 


temperature gradient in the “dead space’? between the flame and 
the heat sink, it is felt that the relative importance of thermal 
conduction and active species diffusion ean be determined, —In- 
terferometric and spectroscopic techniques would undoubtedly be 


powerful tools in an investigation of this kind. 
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By P. L. BLACKSHEAR, 

A brief discussion of the problem of measuring tempera- 
tures in jet engines is given. A method of 
these temperatures by pneumatic 
This method involves the use of two sonic-flow orifices in 
series to give, through thermodynamic calculations, the 
total temperature of the gas entering the first orifice. An 
evaluation of this method is given including a discussion 


measuring 
means is described. 


of the sampling error in nonhomugeneous gases, and an ex- 
perimental comparison against a thermocouple and the 
sodium D-line reversal method is made showing favorable 
agreement. Results of applying this method of measur- 


ing temperature in full-scale engines are discussed. 


INTRODUCTION 


N the field of jet-engine research and development there is an 
ever-present desire to know the temperature of a flowing 
stream of gas. This temperature generally is loosely and 
apologetically defined as the temperature the gas would have if its 
molecules possessed the same average random translation energy 
at equilibrium. 
perature of the gas. A term, total temperature, 
meaning the temperature a parcel of perfect gas in motion would 
possess if it were brought to rest adiabatically. 

In the hot portion of the jet engine, that is, from the combus- 


This is referred to frequently as the static tem- 
is often used, 


tion chamber rearward, there are a variety of measurable average 


temperatures that are of interest. ‘Two examples are: the space and 
time average of temperature Over an entire cross section of the 
flowing stream, or any portion thereof, and the space average over 
an entire cross section, or a portion thereof, as a function of time. 
In the combustion chambers, temperatures can range from 0 to 
1000 F. Since the flames are almost always turbulent, 
regions Where the gas flows past a reference point in a succession 
of hot and cold pockets within this range of temperature. To 


complicate things further, in some of the flow processes the tem- 


there are 


perature of the gas changes so abruptly that the internal de- 
grees of freedom of the gas molecules lag behind the translational. 

Into this thermal chaos we must place our instruments and 
record a temperature. To measure a static temperature, our in- 
strument should follow the moving parcels, and to measure the 
total temperatures, our instrument should capture the moving 
parcel and measure what its temperature would be when brought 
adiabatically to rest. 

The most widely used device to accomplish the latter has been 
Great strides have been made in evaluating 
of the thermocouple at high 
velocities and Use of 
metals extends the upper limit of utility of the thermocouple 
to cover an extremely wide range of the temperatures encoun- 


the thermocouple. 
and improving the performance 


moderately high temperatures. noble 


' National Advisory Committee for Aeronautics, Lewis Flight 
Propulsion Laboratory. 
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, the ther- 
temperature 


tered. At its present state of development, however 
mocouple loses much of its attractiveness as the 
exceeds 2000 

Measurement of static temperature has been accomplished in 
the upper temperature range by a variety of radiation methods, 
such as the sodium D-line reversal method, with varying degrees 
of success. For a number of practical reasons these techniques 
have not found widespread use in jet-engine research 

In recent years a great deal of interest has been expressed in 
the use of pneumatic methods of measuring temperature. ‘These 
methods rely primarily on the obedience of hot gases for certain 


perfect-gas laws when flowing through a series of water-cooled 


orifices A bibliography of these methods may be » found in a 
paper by R. D. Freeze.’ > 


THurory or THE Orteice 
One method of measuring temperature by pneurmatic means 
is to draw a sample of gas through two sonic-flow orifices in 
series. We may show that the rate of flow through a sonic orifice 
can be expressed as 


PA 
V 


where 
= total pressure 
7 = total temperature >=: 
i 
i 
fly) = 
A = effective area 
gus constant 


Placing two sonic orifices in series we require that the rates of flow 
through the two be identical, or 


A, ¢ 
fly) V 


P\A, P 
fin) 


or solving for 7) 7 


in FR to be negligible ). 
the 


(assuming change 

If the tube 
measure 7) with a thermocouple. 
A,/A; by calibration procedure and measure and 
we have only to know the value of the ratio of f(y) to solve for 7; 
To evaluate this ratio consider the following: 


is we may easily 


know the ratio 


connecting orifices cool, 
Then if we 


“Bibliography on the Measurement of Gas Temperatures,"’ by 
Rh. D. Freeze, Circular 513, National Bureau of Standards, August 20, 
1951. 
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If we use « reasonable theoretical model for the acceleration of a 
particle of gas on entering the nozzle, we see that the statie tem- 
perature of the particle drops as much as 17 per cent in a very 
short time, Kantrowitz and Huber? and others, have shown, that 
in general, the rotational degrees of freedom of most molecules, 
The 


more 


will adjust almost instantaneously to the new temperature. 
vibrational degrees of freedom, however, require many 
molecular collisions and hence a longer time to adjust to equilib- 
rium. This time to adjust is referred to as the relaxation time of 
the gas 7. For air-breathing engines we may approximate the 
relaxation time as the magnitude of the relaxation time for a 
nitrogen-water vapor mixture, or 10° see. 

The relationship between the vibrational and translational tem- 
perature is then formally written 


aT viv 


Tvi T trans 
dt T (7m 


Kxmploying this relationship we find that while the transla- 
tional temperature decreases 17 per cent in the orifice, the 
vibrational temperature decreases less than 1 per cent; in other 
words, the gas acts, during the acceleration, essentially as though 
Thus y is no longer a 
temperature-dependent term and ratio of the f(y) becomes 1 or 


« ( 1 1, 


This 7’; is the average total temperature of the gas contained in 


no vibrational degrees of freedom exist. 


the stream tube which enters the instrument, The cross-sec- 


tional area of this stream tube Apo, is related to the orifice ef- 
fective area A, by the relationship 


y+1 
Ao = Ay (: + ay » 
2 


Sy) V7 Mo 


where Mg is free-stream Mach number. 
M, for y = 1.4 is shown in Fig. 1, 


A plot of Ao/A, against 


~25 2 2(7-) 
r+! 
2 
17 
= 
9 
! 
Q A 6 1.0 
FREE-STREAM MACH NUMBER, Mo 
Fic. 1) Ratio or Area or Free STREAM SAMPLED TO AREA OF 
Finer Onteice as Function or Free-Stream Macn NuMBER 


If the gas were homogeneous, this average would be a represen- 
tative temperature. From the little that is known of sampling 
techniques, we learn that in order to get a representative sample 
of a flowing gas, we must sample at stream velocity. Sampling at 
stream velecity is in most cases extremely difficult. If we sample 
at a velocity greater than this, we must expect our sample to 
contain more of the less dense components of the gas. Since 


sampling at sonic velocity greatly simplifies the thermodynamics 


‘Heat-Capacity Lag in Turbine-Working Fluids,"’ by Arthur 
Kantrowitz and P. W. Huber, NACA Wartime Report RB 14E29, 
May, 1044. 
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and the calibration of our system, we wish to learn if the sampling 
error is prohibitive. 
To get an idea of this effect, we take the following model: 
Suppose the gas passes by the first orifice in pockets at dif- 
ferent temperatures, as shown in Fig. 2. Then the ratio of 


Th Tp 


Via. 2 


POCKET TEMPERATURE 
1.2 RATIO, 


IN INDICATED TEMP, PERCENT 


ERROR 


Fic. 3) Error tn Temperature [npicatep by Prope as FuNcTION 


or Pocket-Size Ratio ror DirrerRentT VaLues or Pocket-Tem- 
PERATURE Ratio 


the average temperature, indicated by the probe, to the by-weight 
average temperature of the successive pockets is found to be 


l l 
l4 l, T's 
Tract ( 

4 


A plot of the error obtained from this equation is given in Fig. 3. 
For an l,/l4 = 1, we get the curve shown in Fig. 4, in which is 


plotted the approximate maximum error as a function of the 
temperature ratio of the successive pockets. 
The pocket-length ratio for maximum error is 


For an extreme case 7',/7'4 = 4, the maximum error occurs at 
ly/l, = 2, where the indicated temperature is 12.5 per cent high. 
Thus we see that moderate departure from homogeneity can be 
tolerated, whereas extreme variations can lead to rather large 
sampling errors when successive pockets are approximately the 
same size. 
EXPERIMENTAL EVALUATION 


The probes examined evolved into the sort shown in Fig. 5 
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Approximare Maximum Error in Temperature 

BY Prose ror lg/l4 = 1 as FuNetTION oF 
a GAS TO BE 
MEASURED 

(see also author’s report on probes‘). sharp-edged orifice 
drilled into a thin-walled beryllium copper plug was sweated ScHematic Diackam of Temperature Prose 
into the inlet of a water-jacketed probe of 4/,in. OD. Gas drawn 
through this orifice at sonic velocity passed through the inner 7S 
tube of the probe into a 4/.-in. heated copper tube leading to the 
second orifice. Temperature of the gas at the second orifice was 
maintained at the wall temperature of this copper tube and the TOTAL-TO-TOTAL, P,/P 
pressure upstream of the second orifice was read on a precision ---- TOTAL-TO-STATIC, P)\/Po 
barometer. The gas passed through the second orifice at sonic DIAMETER RATIO 
velocity to a vacuum pump. Actual ratio of orifice sizes was 


PRESSURE RATIO 


074 
chosen as '/;, and effective area ratios of the two orifices were 99 
found by setting 7 = 72, from which one obtains A;/A, = NG 
P./P. 


The selection of an area ratio of '/; was made after an exhaus- 


ORIFICE - TO- TUBE 
tive examination of a variety of orifices all having characteris- DIAMETER RATIO 


tics as shown in Fig. 6. These tests were exhaustive because the 


results disagree with those of Perry.* In that paper flow coetf- 
ficients were shown to increase at pressure ratios in excess of 3 
Although a number of variations of the curve shape were en- 
countered in the calibration of the orifices used by the author at 


pressure ratios less than 3, in no case were there any recordable 


EFF. ORIFICE AREA 
EFF, AREA AT MAX. PRESSURE RATIO 


deviations in flow coefficients as pressure ratios exceeded 3.2. 
The orifices were used, then, such that they were within the con- 


stant coeflicient range. 


of 


3 4 5 6 
read by a thermocouple in a hot-air stream at temperatures PRESSURE RATIO 


The temperature indicated by the probe was compared to that 


from room temperature to and agreed well as shown 6) Frow or THin as NCTION OF 
in Fig. 7. These runs were made at approximately 60 fps stream Pressure Rario Across 

velocity. This velocity was reduced in search of a minimum ; wm? « 
allowable value vielding the curve shown in Fig. 8. The value of 


velocity where error began agrees well with that velocity where z+ 
the diameter of the stream-tube sample became equal to the out- 
side diameter of the probe. Further reduction in velocity caused 
this stream tube to become larger than the outside diameter of the 
probe, It is felt that the prime source of error when this enlarge- 
ment occurs is heat transfer from the gas to the outside of the tube 
prior to entering the orifice. 

At the time these tests were made there was no intermediate 


temperature test section available. However, there were facili- 
ties for comparing the probe temperature woth that measured by 
sodium D-line reversal techniques. The apparatus used for this 
method is shown in Fig. 9. Sodit.m was introduced so that the 
center portion of the propane-air flame, having an essentially 
flat temperature profile, was colored. By taking the plane of 1000 
OCOUPLE TEMP, 

for High Gan Pic. Comparison or Temperatures Owrainen wy 
by P. L. Blackshear, NACA TN 2167, PERATURE Prone Wrrn Reapinas oF THer- 
“Critical low Through Sharp-Edged Orifices,"’ by J. A. Perry, 
Jr., Trans. ASME, vol. 71, 1949, pp. 757-764. (Stream velocity, 60fps; flat temperature profile; parabolic velocity profile.) 
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measurement at vary ing distances from the flame holder we were 
able to compare the two temperature-measuring devices at varying 
stages of the combustion process. The results are shown in Fig 
10. We see that better agreement is achieved as equilibrium is 


approached 
Use in Jer ENGINES 


In clean burners this probe seems to perform satisfactorily, 
For example, Richard Koch of the Lewis laboratory, has used 
a probe of this type successfully over a period of some 70 hr of 
running time in a propane flame tube. He used the probe alter- 
nately as a total-head tube and a temperature probe, obtaining 
profiles of velocity and temperature downstream of a flame holder 
of which Fig. 11 is a sample. 

Since this is the sort of information designers would like to 
have concerning the full-scale combustion chamber, this method 
of temperature measurement seems attractive. There is. still 
much to be desired in the design of an instrument that can be 
used conveniently in combustion chambers where carbon deposits 
are likely. For example, William Koffel of Lewis laboratory, 
recently incorporated probes of this type into rakes for measur- 
ing «a temperature profile in an afterburner, using SO-octane 
gasoline as fuel. The precision of the instrument under these 
conditions was evaluated as 4.4 per cent. This precision was 
obtained at the price of recalibrating and removing carbo and 


tar deposits between runs. In addition to this dirty combustion 
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problem, the nature of all the factors affecting the flow coefficient 
of sonic orifices over the wide ranges of temperature, pressure, 
composition, and stream velocity encountered in jet engines is 
still not clearly understood. 

The instrument is inexpensive, easily calibrated, and has been 
found reliable in clean gases. It is hoped that a better under- 
standing of sonic flow through orifices will lead to a design that 
will extend its utility to the dirtier combustion chambers we 
would like to investigate. 
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Discussion 
W. WK. Korrec.6 The author has done an excellent job of 
presenting the principle of the sonic-flow-orifice probe and some 
It is 
hoped that others will be encouraged from the results presented 


of its theoretical characteristics and design requirements, 


in this paper to continue the development of this type probe 
for measurement of combustion-gas temperatures. 

The attractiveness of the sonic-flow-orifice probe lies in its 
ruggedness and durability at temperatures above those which 
thermocouples can sustain. In addition, this probe samples 
the temperature at a point in contrast to some mean temperature 
along the path of sight as for the sodium D-line method, and the 
temperature calculated from the thermodynamic equation is 
independent of radiant heat transfer to or from the probe. 

On the other hand, the sonie-flow-orifice temperature probe 
The effective area of the 
first orifice can change due to erosion of the sharp edge or to the 


has some special problems of its own, 


deposition of carbon or other residues from some liquid hydro- 
carbon fuels. The deposits on the first orifice vary greatly with 
different fuels. 
produce a thin, smoke-colored film, and JP-3 fuel sometimes pro- 
by 


The unleaded gasoline has been observed to 
duces sticky, varnishlike coatings. Erosion can be reduced 
proper selection of the orifice material, but it may be necessary 
to restore the sharp edge by periodical polishing of the tip. 

The writer has had Tnconel and Nichrome first orifices check 
their initial effective flow areas within 0.1 to 0.2 per cent without 
repolishing after about 13 hr at gas temperatures from 1800 to 
3500 R in a combustion chamber burning clear gasoline. 

In the writer’s opinion, the sonic-flow-orifice temperature 
probe is still in the laboratory stage. Quantitative results can 
be obtained, however, with a probe designed for a specific appli- 
cation and when a high precision is used in measuring the quanti- 
ties entering the thermodynamic equation for calculating the 
temperature of the sampled gas, 

Special care should be exercised in measuring the gas tempera- 
ture at the second orifice when heat is applied to prevent con- 
The 


radiation error in this temperature measurement can be apprecia- 


densation of water vapor from the combustion products, 


ble beeause the thermocouple is in a black-body enclosure and 
the velocity ahead of the second orifice is usually quite low. 
The ratio of the effective areas of the two orifices should be 
checked frequently and this is facilitated if the probe is designed 
so that the three-orifice method of calibration described by the 
author* can be applied while maintaining the same flow and 
geometrical conditions that exist in the probe during actual 
use. 

K. L. Rieke.’ The author is to be commended for his de 
tailed discussion of the design and performance of a practical 
and useful tool for investigating combustion under extreme 
conditions of flow and energy transformation. Anyone studying 
combustion as it occurs in a jet engine or a gas turbine will be in 
complete agreement with his statement... “there is an ever- 
present desire to know the temperature of a flowing stream of 
This knowledge must be obtained under conditions and 


gas.” 
with a precision which were unthought of 10 years ago. 

During the past year experience gained with a sonic tempera- 
ture probe constructed according to the principles outlined in 
the author’s previous publicationt has demonstrated that this 
is one of the most convenient and accurate instruments for the 


® Aeronautical Research Scientist, National Advisory Committee 
for Aeronautics, Lewis Flight Propulsion Laboratory, Cleveland, 
Ohio. 
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determination of temperature in the highly turbulent reaction 
zone of a gas-fired combustor for a gas turbine. 

Fig. 12, herewith, shows the results of a temperature explora- 
tion made with this probe across a combustor tube at a section 
At this section the 
temperature at 


3°/, in. from the point of fuel admission. 
tube diameter is 4'/, in. The indicated 
given position fluctuated within the limits represented by the 


any 


shaded area, the period of these fluctuations varying from 15 to 30 
However, these data are sufficiently reproducible over a 


sec. 
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range of test conditions so that they may be considered as charac- 
teristic of the combustion processes occurring in the actual gas- 
turbine combustor, With 
to evaluate the utilization of the combustion space and the 
effect of modifications in combustor design 

Fig. 13 shows the calibration curve of the sonic-flow-orifice tem- 


results such as these it is possible 
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| 
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\ 
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perature probe used in the combustion chamber. The probe 
temperature measurements are compared with those obtained 
by means of an aspirating thermocouple having a single radiation 
shield over a temperature range from 500 to 2000 R in a gas 
stream having a velocity greater than 160 fps. This curve indi- 
cates that the probe temperature was approximately 100° I 
lower than that of the thermocouple at temperatures above 500 F. 
This does not agree with the author’s calibration curve, Fig. 6, 
in which he shows exceptionally good agreement between the 
sonic-flow-orifice temperature probe and an aspirating thermo- 


offer 


couple. Can the author an explanation which would 


account for this diserepancy? ‘This deviation is not objectionable 
since the calibration was found to be consistent and reproducible. 
Calibration at higher 


method for comparison is planned at the first opportunity. 


temperatures using the line-reversal 


M. D 


temperatures accurately in modern aircraft engines cannot be 


Scapron.” The need of a means to measure high gas 


emphasized too greatly. The pneumatic-probe method does 
alleviate most of the specific difficulties encountered by the 
“simple to use’ thermocouple, but it is by no means a panacen 
The 


sonic pneumatic probe described, which is another variation of 


to the problem of high-gas-temperature measurement. 


the basic pneumatic probe, does seem to offer a remedy to some 
of the difficulties that plague the pneumatic-probe design, 

The section where the effeet of the speed of the process through 
the nozzle is discussed, can be better illuminated by referring 
to a paper by R. B. Spooner? Mr. Spooner shows that for 
Mach numbers of 0.9 and less and for nozzle-inlet temperatures of 
3500 Ro and less, the ratio of outlet to inlet pressure across the 
nozzle necessary to obtain a specific outlet velocity was less than 1 
per cent smaller than that computed on the basis of the usual 
assumption that the gas is in temperature equilibrium at all 
times. The process for a diatomie gas, however, corresponded 
even more closely to one in which the vibrational energy of the 
gas was considered entirely unavailable or frozen. A value for 
the ratio of specific heats of 1.4 ean thus be used to vield a closer 
approximation to the actual case than does the equilibrium value, 
which includes the effeet of the varying heat capacity of the gas. 
Increases in nozzle-outlet Mach number led to correspondingly 
greater deviations in pressure ratio from the actual ease if the 
Hlowever, 
the inlet 
temperature exceeded 3500 R, the value of ratio of specific heats 


calculations were based on an equilibrium expansion. 


as the outlet Mach number increased toward 1 and 
of 1.4 also did not yield a pressure ratio corresponding to that 
computed on the basis of an equilibrium expansion, Therefore 
the relation that [f(y2)/f(y:) |? is equal to unity is not a necessary 
The “best” value of y; may lie between 1.40 and the equilib- 
If this value of y, is about 1.35 instead of 1.40 


and the value of ¥. is 1.40, an error of 3 per cent in the measure- 


one, 


rium value 


ment of 7, is possible, 

The author apparently realizes that the pneumatic probe will be 
used in situations where the flow is not of steady-state nature and 
he proceeds with an analysis of the effect of pulsating gas tem- 
perature upon the temperature indication of the sonic pneumatic 
probe, In actual use, it is difficult to visualize an application 
where the pressure and velocity will not pulsate simultaneously 
with the temperature. The inability to interpret correctly the 
resulting indication of a sonic pneumatic probe under such con- 
ditions is an ailment common to all types of pneumatic probes, 

The diserepancy between the author's data regarding discharge 


* Aeronautical Research Scientist, National Advisory Committee 
for Aeronautics, Lewis Flight Propulsion Laboratory, Cleveland, 
Ohio. 

* “Effect of Heat-Capacity Lag on a Variety of Turbine-Nozzle 
Flow Processes,”’ by R. B. Spooner, NACA TN 2193, 1950. 


TIONS OF THE ASME 


JANUARY, 1953 


coefficients and that of reference 4 should not be of too much 
concern. The orifices used in the probe were essentially thiek- 
plate orifices (the ratio of hole diameter to plate thickness 
d/t, was in the order of 4) while those examined in reference 4 
were truly sharp-edged orifices (the ratio of hole diameter to 
10 and 20). 
In addition, the inlet pressure in all of the author’s tests was | 


plate thickness d/t was between approximately 


atm, while the inlet pressure in the case of reference 4 was varied 
with pressure ratio. This essentially means that the author’s 
data were taken at almost 4 constant value of Reynolds number. 
However, results obtained by Grace and Lapple” on thick-plate 
orifices (d/t=1) agree fairly well with the author’s. 

A final caution to be observed, in addition to those already 
mentioned by the author in the use of the pneumatic probe, is 
the measurement of the gas temperature at the second orifice. If 
the gas is cooled below the dew point between the orifices, 
water will condense and drop out, so that the relation W; = W, 
will not apply. If there is a 1 per cent difference between W, 
and W, there will be a 2 per cent error in the measurement of 
7T,. Also, the ability to measure the temperature at the second 
orifice with a thermocouple will result in error, unless the thermo- 
couple has a minimum of radiation, conduction, and recovery 
errors. It also must be able to measure an integrated tempera- 
ture, ie., it must measure a mass-flow weighted temperature, 
since the gas approaching the second orifice will have a radial 
that a 
1 per cent error in the measurement of 7: will result in a 1 per cent 


temperature and mass-flow gradient. It can be seen 
error in the measurement of 7). 

When it becomes difficult, to use a thermocouple to measure 
temperature in a moving gas stream, the pneumatic-probe 
method becomes 4 valuable instrument provided it is in the hands 


of a competent observer. 


CLOSURE 


The author is indebted to Messrs. Koffel, Rieke, and Seadron 
for their kind vet penetrating discussions. 

The author had the privilege of working rather closely with 
Mr. Koffel during the time when he was converting a ‘“‘labora- 
tory-stage’’ probe into a bank of instruments for installation into 
a full-scale burner and can fully appreciate the excellent pioneer- 
ing job Mr. Koffel performed. The problem of carbon and tar 
deposition is still far from being resolved successfully. 

One possible solution, at least over part of the troublesome 
range, would be to allow the orifice te run hot and correct for 
thermal expansion of the orifice material. A preliminary  in- 
vestigation of this technique has been made using synthetice- 
jewel bearings for the first orifice. The results to date are that 
the jewel (a synthetic ruby of 0.026 in. ID) did not break when 
exposed to a 3800 R>propane-oxygen flame. Carbon formed 
on the jewel for cool sooty flames but burned off leaving a clean 
hot jewel when the sooty flame temperature was raised above 
about 2200 F. 
mounted continued to collect carbon all the while. 
taken before and after the carbon-deposition tests are shown in 
Figs. 14 and 15, herewith. The flame temperature indicated by 
probe (without correction for orifice expansion or variations in ¥ 


The water-cooled probe in which the jewel was 
Photographs 


in a nitrogen-free field, which would be compensating errors) was 
3460 Ro as compared to 3420 R obtained with an optical pyrom- 
eter and a mirror.'' The agreement is felt to be fortuitous 
but added to the foregoing effects offers promise that the jeweled 


“Discharge Coefficients of Small-Diameter Orifices and Flow 
Nozzles,’ by H. P. Grace and C. E. Lapple, Trans. ASME, vol. 73, 
1951, pp. 639-647. 

"Heat Transmission,” by W. H. McAdams, MeGraw-Hill Book 
Company, Inec., New York, N. Y., 1942, p. 75. 
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15) Prose Arrer Tests 
orifice may reduce the carbon and tar deposition encountered by 
Mr. WKoffel. 

The calibration Mr. Rieke presents is baffling. 
the effective area ratio is determined with no heat added before 
Then the probe 


Presumably 


the second orifice and no flow about the probe 
is calibrated against a thermocouple with the heater turned on 
and with flow past the probe. Even at 540 R there appears to 
be a 35-deg error which must be due to either the manner of heat- 
ing the gas at the second orifice or the nature of flow into the first 
orifice. Messrs. Koffel and Seadron both mention the importance 
in measuring the temperature at the second orifice accurately. 
The svstem Mr. Rieke used employed an 
upstream of the thermocouple at the second orifice, operated 


immersion heater 


at constant heat input. That the temperature read by a single 
thermocouple should give a representative temperature in this 
ease seems unlikely. That the error should be as much as 10 
per cent and vary in a manner necessary to get the calibration 
curve (Fig. 13 of his discussion ) seems equally unlikety. 

One factor that had not been investigated prior to Mr. Rieke’s 
comments was the Mach-number effect on streamlined probes. 
\ preliminary check on this effect has been made. The results 
ure interesting and may have bearing on the mystifving Fig. 13. 

Fig. 16 of this closure shows the relative effective area of the 
first orifice for four different probes plotted against free-stream 


Mach number. Three of the probes incorporated sharp-edged 
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orifices and the fourth a nozzle so designed that the static tem- 
perature distribution along the axis of the nozzle was approxi- 
ately linear. 
The nozzle coefficient appeared unaffected by free-stream Mach 
imber. The three orifices tested are roughly correlated at 
lach <0.7 by = 1 + (ID/OD)241/0.9, 
here ID is orifice diameter, OD probe diameter. 
The curve labeled ® 


PROBE 
DIAMETER 


+ 3716" 


ye In. was obtained with a probe constructed 


° 


3/8 (NOZZLE) 


3 4 5 4 
FREE-STREAM MACH NUMBER 
hia. 16° Macnu-Numper Errect on or First 
FoR THree DirrerRenT Onirice Propes Nozzie 


mething like Mr. Rieke’s with a button having dimensions 
sketched. The and 
pproximately source shaped) and the correlation obtained 
th these two probes fits the data for the button probe if we 
ke an effective OD midway 
d the actual OD of the button 
A possible explanation of Mr. Rieke’s 10 per cence error at 1000 
and subsequent constant l00-deg error at higher temperatures 
that his probe has an effective ID/OD ratio that is fairly large 
20.3) and in operating his tunnel he first increased, then de- 
Thig also seems unlikely. 


probes were blunt 


between the small button face 


reased the tunnel Mach number. 

It is conceivable that heat flux to the orifice could increase, 
then slowly decrease as the gas temperature is raised, which is 

hat Mr. Rieke previously suggested. The effects of heat 
flux would be to cool the sample, change the orifice coefficient, 
and alter the size and possibly the shape of the orifice. In each 
ease the indicated temperature would be lower than the actual 
temperature, Since in the work reported herein, no noticeable 
difference in the Tiina/T'sce was detected, it was concluded that 
heat transfer to the orifice was a negligible effect. 

In all the work reported herein the orifice was made of beryl- 
lium copper. Mr. Rieke’s orifice was stainless steel. 

If the heat loss at the orifice is to be blamed for his Fig. 13, 
it would seem that the cause would lie in a change in size or 
shape of the orifice when heated locally, say at the upstream edge. 

Mr. Seadron succinctly sums up the status of pneumatic 
temperature probes. His comments regarding the difficulties 
and importance in measuring 7, accurately are well taken, 
Mr. Seadron is concerned with results Dr. Spooner computed 
for a nozzle 1.4 in. long. The time involved for a purticle to 
be accelerated in’ Dr. Spooner’s nozzle is about 10 times that 
involved in the acceleration of a particle with an 0.04-in-diam 
orifice, The magnitude of the error mentioned by Mr. Seadron 
is therefore high if the gas is largely nitrogen and the orifice 
size is as small as discussed herein, 

The application Mr. Seadron has difficulty in visualizing, 
where pressure and velocity remain essentially unaltered, is the 
very important study of temperatures within a turbulent flame,'? 
Herein alternate pockets of hot and cold gases pass a reference 


Flame Stabilization and Propagation in High Velocity Gas 
Streams,"’ by A.C. Scurlock, M.IL.T. Meteor Report 19, Massachu- 
setts Institute of Technology, Cambridge, Mass., May, 1048 
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point at stream velocity and at constant pressure. With re- 
gard to pressure and velocity pulsations, one of the chief virtues 
of using a sonic-flow first orifice lies in the fact that small pertur- 
bations in pressure and velocity do not cause an appreciable 
defect in the flow rate. Mr. Scadron has done a great deal of 
excellent work in evaluating pneumatic probes employing small 
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4P across the first orifice. The effect of small pressure disturb- 
ances, in this case, is relatively large. As a first approximation 
the magnitude of the tolerable pressure disturbances must be 
small compared to the AP across the first orifice. In the sonic- 
flow orifice the tolerable pressure disturbance must be small 


compared to the total pressure of the stream. me 
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Use of the Centrifugal Governor Mechanism 


By O. A. PRINGLE,' COLUMBIA, MO. 


The centrifugal governor mechanism, suitably modified, 
is shown to be a practical torsional vibration absorber. 
Equations for predicting its performance are developed, 
and comparisons are made with other types of absorbers. 

NOMENCLATURE 
The following nomenclature is used in the paper: 


= mass of absorber, |b sec?/in. 
center of gravity of absorber mass 
radius of G from axis of rotation, in. 
angular velocity of disk, radians per sec 
angular displacement, radians 
amplitude of vibration of disk, radians 
circular frequency of vibration, radians per sec 
time, sec 
torque, in-lb 
force, lb 
acceleration, in/sec? 
velocity, in/see 
displacement of mass from equilibrium position, in 
amplitude of vibration of absorber mass, in. : 

= moment of inertia of disk, lb-in. sec? 

= torsional spring constant of shaft, in-lb/radian 
spring constant of absorber system when rotating, lb per in. 
spring constant of absorber spring, ib per in. 
circular natural frequency of absorber system, radians per 

sec 

circular natural frequency of main system, radians per sec 
order number of vibration, cveles per shaft revolution 

= theoretical relative effectiveness of two absorbers 


INTRODUCTION AND Description OF ABSORBER MECHANISM 


If a body is vibrating, one possible way to reduce or eliminate 
the vibration is by the addition of a dynamic vibration absorber. 
For torsional vibration, the most common of these devices are the 
rotating pendulum absorber and the Frahm absorber.? It is the 
purpose of this paper to describe another type of absorber which, 
although differing in construction from those mentioned, has 
quite similar characteristics. The mechanism of this absorber is 
basically that of a centrifugal governor, consisting of a mass 
elastically mounted on « rotating body and constrained te move 
in a radial direction when acted upon by centrifugal force. 

Fig. 1 shows an idealized diagram of the absorber mounted on a 
The mass m in the frictionless slot and the spring 
Point G 


rotating disk. 
connecting the mass to the disk make up the absorber. 
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‘at radius R is the center of gravity of the mass. The disk rotates 
with a uniform angular velocity 2, upon which is superimposed an 
additional velocity 6,w cos wt due to resonant torsional vibration 
of the disk. This vibration is excited by a periodic torque 7’, cos 


wt acting on the disk. The radial force acting on the mass is 


F =mR(Q + cos wt)? 
= mR (Q? + 226, cos wt + 0,%w* cos? wl) 

= (m RQ + + (2m RQ cos wt ) 
+ ('/. mRO,? w? cos 2wt) 
The total radial force is thus the sum of a constant force, a 
periodic force of frequency w, and a periodic force of frequency 2w. 
The constant force will determine the extension of the spring and 
The two periodic forces will excite vibrations 
However, the force of 


hence the radius RP. 
of the mass at their respective frequencies. 
frequency 2w is very small in comparison with the other, a fact 
which can be verified by substitution of typical values. Further- 
more, it will appear later that the natural frequency of the ab- 
therefore the effect of the force of 
For these 


sorber must be equal to w; 
frequency w will be magnified due to resonance. 
reasons, the exciting force on the mass is taken as 


F’ = 2m R Q 0. cos wt 


= 2am RQ 
dt 

The vibration of the disk thus induces vibration of the absorber 
mass. The effect of this motion on the disk is shown by writing 
Coriolis’ law between point G and a coincident point G’ on the 
disk 
dQ d*r 


= 2 
RY 


ag = Gq’ + 


The last two terms of Equation [4] are the result of the motion 
of the mass. The last term, by virtue of its tangential direction, 
results in an inertia torque transmitted to the disk by pressure 


between the slot and mass equal to 


T, = 2mR—O....... 
dt 


on 
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In Equation the average angular velocity is used in- dr 20 
stead of the instantaneous velocity 2 + 6 w cos wt. The in- sin wt RQ dt dt? AG 
clusion of the latter term results in an expression similar to the a ' 
last term of Hquation [1] and is not important in the present The corresponding equation for the absorber ts ao - 
discussion. 
ak = mag 
OPERATION OF ABSORBER 
The action of the absorber is shown diagrammatically in Fig. 2. 2m RQ Kr =m [7] 


In Fig. 2(a), the instantaneous magnitude of a quantity is the 
projection of its vector upon the Y-axis. At resonance, 7’, will 
be in phase with the velocity of 0,w, and will lead the amplitude 
6, by 90 deg. Let the natural frequency of the absorber system 
equal w. Then the absorber amplitude r, lags 90 deg behind its 
exciting force F’, which is due to and in phase with the velocity 
6,0. The absorber radia] velocity r,w = (dr/dt) is then in phase 
with 7',. The inertia torque 7’, 
therefore joins with the damping torque 7, in opposing 7’,. 
This is shown more clearly in Fig. 2(b), which omits the displace- 
ments and velocities, 


is of opposite sign to r,w, and 


EQUATIONS OF MOTION 


= la 


(b) 
Vector DiaGraM OF ABSORBER ACTION 


Inspection of these equations shows that the following will be a 


solution 


6 = @, sin wt 


© 
r =r, cos wl 7 


Making the foregoing substitutions results in — 
r.(,_ = 
0, = = {8} 
w? ) ) (2m R Qw)? 
‘= KK, 
‘ 


(2m R Qw)? 
KK, 


Equation [8] shows that @, becomes zero if the natural fre- 
quency of the absorber equals the applied frequency. 

Owing to the effeet of centrifugal force, the absorber-system 
spring constant and natural frequency vary with the angular 
velocity as follows 


The action of the absorber is due to the fact that it adds an- 
other degree of freedom to the original system. An additiona! 
natural frequency is added, making a total of two for the case 
under discussion, neither of which corresponds to the original 
natural frequency. These new frequencies are found by setting 
the denominator of Equation [9] equal to zero. 
form of the resulting equation, in which the order of vibration V 
has been introduced and F is the original desired radius, is 


w? k w? 4m R? 
2,? m N? 
mw?\ k w? 
~ 0 [12] 
kN? m N? 
Solving Equation [12] for w gives the two natural frequencies. 
In a practical design, the undesirable effect of the two new 
natural frequencies is eliminated by means of stops such as 
shown in Fig. 1. Initial spring force holds the mass against the 


inner stop until the speed at which the absorber is to operate is 
approached, at which time it is pulled away from the stop by 


A convenient 


centrifugal foree. At some higher speed the mass is forced against 


Also 
=> 
Applying Newton’s la nd neglecting damping 
oF, ; ®o 
Y 
e To Ne 
a= 
x 
as 
= 
: 


the outer stop. Thus the absorber does not operate at speeds 


which might allow resonance at the two natural frequencies. 
DesIGN OF ABSORBER 


An equation useful in proportioning the absorber is obtained 
from Equation [9] when w = w, 


2m RQr.w, = 


The angular velocity 2, the natural frequency w,, and the 
torque 7’, will be known. The mass m and radius R must be 
chosen so that the amplitude r, will be reasonable. The stops will 
be located to eliminate the natural frequencies of Equation [12]. 
The spring constant is found from Equation [11]. The initial 
force in the spring must balance the centrifugal force on the 
mass at the speed at which the absorber is to begin operating. 

The details of construction will vary with the application, but a 
possible design is shown in Fig. 3. The mass is mounted on a 
cantilever spring, which transmits the absorber torque to the 


Fic. 3) A Possin_te ApsorBER CONSTRUCTION 
vibrating body. An alternative construction would have the mass 
pivot on antifriction bearings. Adjustable stops are above and 
below the mass. The spring is loaded in compression, the initial 
load being adjustable. The distance the center of 
gravity of the mass and the line of action of the spring force is also 
adjustable, allowing the spring constant to be varied slightly. 
The type of mounting depends on the shape of the vibrating 
body. For greater effectiveness, two or more absorbers may be 
mounted radially about the center of rotation. 


between 


COMPARISONS 


Fig. 3 emphasizes the fact that, if desired, the absorber may be 
constructed so that its characteristics are somewhat variable. 
This would facilitate exact tuning to correct for manufacturing 
tolerances, approximations in calculations, or wear. Other types 
of dynamic absorbers, particularly the rotating-pendulum ab- 
sorber, are often difficult to tune exactly.? 

An important comparison may be made by writing the equation 
for either the rotating-pendulum absorber or the Frahm absorber 
which corresponds to Equation [13]. This equation is 


Equation [14] states that a rotating-pendulum absorber of a 
certain mass, radius, amplitude, and frequency will balance 


mRr,w,? = 7,’ 


3 **Practical Solution of Torsional Vibration Problems,"" by W. K. 
Wilson, John Wiley & Sons, Inc., New York. N. Y., second edition, 
vol. 2, 1941, p. 570. 
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Fic.4 Ansornser Comparep 


a certain exciting torque 7’,’. Equation|13] states that the absorber 
under discussion of the same mass, radius, amplitude, and fre- 
quency will balance a different exciting torque T,. For the sake 
of comparison, let the theoretical relative effectiveness EB, be the 
ratio of T, to Then 


2m 2 


m R w, N- 


: 


7 This result is visualized in Fig. 4. For second-order vibration 
both absorbers are equally effective; in other words, for a given 
application, the absorbers would be about the same size. For 
higher orders, the rotating-pendulum absorber would be preferred 
on the basis of Equation [15]. On the other hand, for orders 
of vibration lower than the second, the absorber under discus- 
sion would be the most effective. 


Discussion 
R. J. This paper on the use of a radially oscillating 
mass to suppress torsional vibrations in rotating systems is novel 
and appears to present some interesting possibilities, particularly 
The author is to be con- 
gratulated for his ingenious proposal and for his contribution to 
the theory of the tuned dynamic vibration absorber. 
Equations [8] and [9] of the paper may be simplified by defining 
the main system as « single mass at a radius of gyration equal to 
the radius R, or] = MR?, and by using the following notation 


with respect to low orders of excitation. 


f = (w,/2,) = absorber tuning factor 
gq = (w/Q,) = forced-frequency ratio 
w= (m/M) = mass ratio 


Then Equations {8} and become 


()) 


of Mechanical 
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If the tuning of the absorber is correct, f = 1, and these equations : 4 
ae low orders of excitation the factor | ——— may be greater than 
reduce to N? + 1 
1 unity. Since g? can only be positive, this condition apparently 
( ) [1 — g*] would result in a single resonant frequency. In general, however, 
Ky : : there would be two resonant frequencies as indicated. 
4 4 
1 AvuTHOR’s CLOSURE 


_ The author wishes to thank Professor Harker for his comments. 
(Toh) \ | 2g? i The simplification of Equations [8] and [9] and subsequent 
cs N = derivation of an expression for the resonant frequencies added 


by the absorber is worth while in view of the fact that Equation 


[12] given in the paper for this purpose is rather tedious to solve. 


To avoid confusion in the use of these equations it is necessary 


to realize that they apply only if the original main system has but 
a single degree of freedom. Also, the manner in which the 
exciting torque acts on the system must be defined, If the 


Phe resulting frequency equation for the combined system with 
exact absorber tuning is then 


iu excitation is of a definite order, its frequency varies with angular 
g*| i N24] 247 +1=0 velocity. The natural frequency of the absorber system and 
oa radius of the absorber mass, which vary with angular velocity, 
with are then functions of exciting frequency. Equation [12] applies 
to such a case. On the other hand, the excitation may not be of 

OO - a definite order, but may vary in frequency at constant angul: 
Pe | a dehnite order, but may vary in trequency at constant angular 


velocity. Then the natural frequency of the absorber system 

and radius of the absorber mass remain unchanged. In this 

instance the absorber tuning factor f will equal unity at all times 

N? + 1 as assumed in Professor Harker’s derivation. Inspection of the 

equations indicates that there is not too much difference in 

The exciting frequencies corresponding to infinite amplitudes — resonant-frequency values obtained by proceeding upon either 

of the system are seen to be a function of the mass ratio and the — assumption, and values obtained in either manner will be approxi- 
order of excitation. It is apparent that for high mass ratios and — mately correct for the other case. ? 
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Axial Tension and Bending Interaction = 


# Curves for Members Loaded Inelas stic ally 


By D. O. BRUSH! anv O. 


This paper presents a theoretical method for construct- 
ing dimensionless interaction curves for members sub- 
jected to combined tension and bending loads that produce 
inelastic strains, as well as experimental results which 
verify the theory. Each interaction curve represents the 
total range of the ratios of axial load to bending moment 
which will cause inelastic strains to extend toa given depth 
in the member. Experimental interaction curves were ob- 
tained from eccentrically loaded tension members of 
rectangular cross sections made from three strain-harden- 
ing materials, namely, annealed rail steel and aluminum 
alloys 24S-T4 and 75S-T6. Good agreement was found be- 
tween theory and experiment. In order to design a mem- 
ber subjected to combined axial and bending loads by use 
of the interaction curves, the deflection of the member 
must be estimated. Three orders of approximation for 
the deflection of eccentrically loaded tension members 
are presented. The problem of combined bending and 
axial compressive loads is discussed and research based on 
the methods of analysis developed in this investigation is 
suggested for solving for the buckling load of a member 


subjected to combined bending and axial compressive 


loads. 
INTRODUCTION -* 


EMBERS of some machines and structures must be de- 
M signed to resist loads where the weight of the members 
must be as low as possible. One way of obtaining such 
members is the use of lightweight metals such as alloys of alumi- 
num and magnesium that have a high strength-to-weight ratio. 
Another way has been by the improvement in the design of the 
cross sections of the member by using sections made of thin sheets 
reinforced with stringers. Another important idea used in design- 
ing such a member is to take into account the increased resistance 
to loads by the member when relatively small inelastic strains are 
allowed to occur in the most strained fibers. It has been found 
that many members can resist loads that greatly exceed the maxi- 
mum elastic load for the member. 
of a relationship between the loads and the stresses or strains 
in the member when the strains exceed the elastic-limit strain of 
the material. The maximum elastic load is the load at which the 
most strained fiber of the member is on the threshold of becoming 
For a member loaded in such a way that 


This method requires the use 


inelastically strained. 
it has a stress gradient, the load necessary to produce a small 
amount of inelastic deformation of the most strained fibers may 
be appreciably larger than the maximum elastic load especially if 
the stress gradient is steep at these fibers. 


1 Stress Analyst, Aerophysics Laboratory, North American Avia- 
tion, Inc., Downey, Calif. Formerly, Assistant, Department of Theo- 
retical and Applied Mechanics, University of Illinois, Urbana, Ill. 
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Society. Manuscript received at ASME Headquarters, March 3, 
1952. Paper No. 52—SA-6. 


maximum loads used. 


This investigation was undertaken to determine the influence of 
relatively small inelastic deformation on the loads carried by a 
member subjected to both an axial load P and a bending mo- 
ment 1. Small inelastic strains are here defined as those of the 
same order of magnitude as the elastic-limit strain of the material, 
Some investigations have been made of such members, mostly of 
aircraft structural elements consisting of cross sections made 
of thin sheet stiffened by stringers. ‘There are many other types of 
applications in which a member must be designed to carry come 
bined bending and axial loads such as occur when an eccentric 
load is applied to a tension member or to a compression member, 
For members loaded in compression, the failure of the member may 
be by buckling if the member is relatively long, or by 
inelastic buckling if the member is relatively short. The behavior 
of a member that fails by buckling is complicated, 
Therefore in this investigation the load P is a tensile load so that 
It was felt that the results of this 
investigation would give a better understanding of inelastic be- 
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elastic 
inelastic 
buckling failure does not occur. 
havior of a member subjected to combined loads and lead to 
further research in the problem of inelastie buckling. 

The failure of members tested in this investigation was by ex- 
cessive inelastic deformation. None of the members was loaded 
to fracture, because of the fact that each member tested withstood 
inelastic strains over a major portion of its length and depth at the 
Therefore it each 
this 


was considered that 
member failed by general yielding. As will be shown later, 
general yielding was assumed to take place when inelastic strains 
had occurred at the most highly stressed cross section to a cer- 
tain arbitrarily chosen depth of the seetion. 

When a member is subjected to a combination of two types of 
loads, such as ? and M as used in this investigation, two relation- 
ships between the loads are necessary for the design of the mem- 
ber. The first relationship to be considered is that of the inter- 
action curve which expresses the total range of values of load P 
and moment M which will result in a given depth of yielding 
The second relationship expresses the relation between P and M 
for a given loading of a member so that a point on the interaction 
curve can be determined. 


Mernop OF OBTAINING INTERACTION CURVES 


Inelastic Strains Impending. If no inelastic strain can be 
allowed in a member similar to those shown in Fig. 1, the maxi- 
mum stress @ in the extreme fibers can be written in terma of P 
and M by using the principle of superposition. This expression is 


P Me 
+ 
A 1 


in which 


cross-section area, 


A is the 


c is the distance from the 
centroid to the extreme fiber, and J is the moment of inertia of the 
If the value cf o is equal 
the foregoing equation 
states the condition that inelastic strain is impending or is on the 
The equation is 


area with respect to the centroidal axis, 
to the elastic limit o, of the material, 


verge of occurring in the most stressed fibers. 
transformed by dividing both sides by o, and setting P, 
and M, = 0,1 /c where P, and M, are the elastic limit loads for the 
member for axial tension only and pure bending only, resapec- 
tively. 
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TRANSACTIONS 


Equation [1] is represented by the line DC in Fig. 2 in which 
ordinates represent values of M7/M, and abscissas P/P,. The 
curve DC (straight line in this case) represents corresponding 
pairs of values of M and P which will cause the member to be on 
the verge of starting to strain inelastically and is called an interac- 
tion curve. 
and M for impending inelastic strains, but an additional relation- 
ship between P and M must be found for a given member sub- 
jected to a combination of bending and axial loads. For the case 
considered here, namely, eccentric tensile loads, this additiona! 
equation is 


Equation [1] constitutes a relationship between 
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in which e, (see Fig. 1) is the initial eccentricity and A is the de- 
flection of the member at its middle section. For impending in- 
elastic strains A is equal to A,. In order to determine the pair of 
values of P and M that correspond to impending inelastic strain, 
we must determine*? A, and then solve Equations [1] and [2] 
If e, is relatively large, the effect of A, is usually 
that is, Equation [2] is written M = Pe,. If e, is in- 
definitely large, the bending moment is so-called pure bending, 


simultaneously. 
neglected 


corresponding to points on the vertical axis in Figs. 2 and 3. 

Small Inelastic Strain Allowed. The loads M and P, as given 
by the foregoing equations, will have to be increased somewhat in 
order to cause inelastic strains to occur at the extreme fiber and 
at other nearby fibers in the most highly stressed cross section. 
Eventually, if the loads M and P are increased sufficiently, the 
fibers at all depths in the beam at the most highly stressed cross 
section will become inelastically strained; however, this condi- 
tion wiil result in an inelastic deformation which no longer can be 
considered small, and the member will have failed by general 
yielding. Therefore some compromise loading between the 
loads which result in failure by general yielding and the loads that 
cause inelastic strains to be impending in the extreme fiber is 
desirable 


*“ Airplane Structures,” by A. S. Niles and J. 8S. Newell, John 
Wiley and Sons. Ine., New York, N. Y_., third edition, vol, 2, 1943, p. 
67. 
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AXIAL TENSION 

In this paper the loads chosen are those combinations of V/ 
and P that cause inelastic strains to occur over one half the depth 
of the most highly stressed cross section. ‘This choice of propor- 
tions of area covered by elastically strained as compared with 
inelastically deformed fibers is made because it leaves half of the 
section elastic which insures that the deformation of the member 
is of the same order of magnitude as that which occurs under the 
elastic-limit loads when inelastic strains are impending. Further- 
more, this manner of describing the extent and magnitude of 
inelastic strains is more convenient to use than methods which 
make use of magnitude of the maximum stress or strain. Also it 
more closely describes the approach condition of the member to 
failure by general yielding. 

The interaction curve for the condition described in the preced- 
ing paragraph, namely, the loads corresponding to inelastic 
strains in one half the depth of the most highly stressed section, 
cannot be found by use of the principle of superposition as was 
Equation [1], and is found here by plotting a few points. The 
method used is to assume that at this cross section an arbitrary 
distribution of the strains is chosen which makes half the depth 
inelastic and half elastic as previously described. The problem 
is to determine what load P and bending moment M correspond 
to the assumed strain distribution. 

An example is now given which shows how the interaction curve 
is drawn. ABC in Fig. 3 represents the interaction curve for 
inelastic strain to one-half depth of the cross section of a member 
of rectangular cross section made of a non-strain-hardening ma- 
terial having equal yield points o, 
that is, the slope a, Fig. 4, of the stress-strain curve is zero when 
the stress becomes o,. The ordinate of point A which represents 
pure bending is obtained by finding the moment M = S oydA. 
In this integral y is measured from the centroid and the distribu- 
tion of the stress ¢ on the beam cross section is as shown by the 
figure near the point A. In this case inelastic strains are assumed 
to occur at the top and bottom of the beam to one fourth its 


depth, that is, a total of one half. The moment M is divided 
“rm 


in tension and compression, 


SLOPE COMPRESSION 
TENSION 
SLOPE «a4 € 


@ @e 


piastic 


ELASTIC 


STRESS- DISTRIBUTION (c) CROSS SECTION 


4 Distrisution or Stress in Straicur Memper or Sym- 
METRICAL Cross Section Wuicn Is Sussectep To AxtaL TENSION 
AND BenbING Loaps 


AND BENDING INTERACTION CURVES 


by WM. = o,l/e = 4/3 (o,bc?). The abscissa of A is zero since 
P = fodA is zero for this stress distribution. Similarly, the 
ordinate of B is found by determining M from the integral M = 
S oydA in which the stress distribution is shown in the figure near 
B and y is again measured from the centroidal axis. In this case 
all inelastic strains are assumed to occur in the upper one half of 
the cross section and inelastic strains in the lower extreme fiber 
are impending. This value of M is equal to */,(¢,bc*) for the 
rectangular section and, since M, = ?/;(0,be?), the ratio M/M, = 
1 is the ordinate of B. The abscissa of B is found by determining 
the resultant force P = fodA for the stress distribution on the 
section. This value is P = o,be for the rectangular section and 
therefore P/P, = 

It is proved later that from B to C the curve is always a straight 
line. Because of this fact the location of the point B is very 
important. Other points between A and B can be found in a 
manner similar to that used in locating A and B. When @ is not 
zero, Fig. 4(a), the interaction curve can be drawn in exactly the 
same way that ABC was drawn. In Fig. 3 the curves A’’’B’’’C, 
A”"a"C A'B'C the interaction curve for ma- 
terials in which @ = a, = a is 0.2, 0.6, and 1.0, respectively. It 
will be shown ‘ater that curves for values of a@ between 0 and 1, 
such as A’’’B’''C and A’’B’’C, can be drawn by linear interpola- 
tion between ABC(@ = 0) and A’‘B’'C(a@ = 1). 

An interaction curve such as ABC in Fig. 3 represents one rela- 
tionship between P and M. Equation [2], called the moment- 
load relationship in this paper, is an additional relationship which 
can be used to solve for the desired values of P and M for a given 
problem. But in order to use Equation [2] the value of A must 
be known. A value of the deflection A can be determined ap- 
proximately by making use of the assumed depth of inelastic 
strain in the member. Simple procedures are presented later to 
give first, second, and third approximations to the deflection of a 
member loaded eccentrically in tension. The shape of an inter- 
action curve in the inelastic range is a function of the cross sec- 


and represent 


tion of the member,‘ Fig. 5, the shape of the stress-strain diagram _ 


of the material, Fig. 3, and the depth of yielding, Fig. 2. 

Several assumptions have been made in constructing these 
interaction curves. The tension and compression stress-strain 
diagrams are assumed to be represented by two straight lines as 
indicated in Fig. 4(a). Plane sections are assumed to remain 
plane during loading. It is further assumed that a plane given 
by the action line of the load and the centroidal axis of the mem- 
ber is a plane of symmetry of the cross section. 

Proof That B-C Is Straight Line. The proof of the linearity of 
line B-C and the location of point B will now be given for a beam 

of rather general cross sections such as that shown in Fig. 4(¢) 

and for a general case. The beam is subjected to a load P and 
moment M such that the depth of yielding is a and the maximum 
compressive stress @2 is less than o,, Fig. 4(a). The equations of 
equilibrium for the stress distribution are 


fodA; M = faydA 


where y is measured from the centroidal axis. 
the elastic and inelastic region are, respectively 


The stresses in 


) 

“(co + y) + 


in which oy is negative for compression. If these stresses are put 


‘For a discussion of interaction curves for various types of cross 
sections see, “Advanced Mechanics of Materials,"’ by F. B. Seely 
and James O. Smith, John Wiley & Sons, Inc., New York, N. Y., 1952 
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PLASTIC 


os 1.0 


or Cross Section oN Moment-Loap INTERACTION 
Curves ron Member Mape or Matertar With a = 0 


hia. 5 


in Equation [3], the load and moment in dimensionless form are 
1— 
= + Q, + aerA, + aQ,) 


Ap 


A 


/ A 
+ a8 + (1 — 


tI, + ac.Q, + al,) 


where 


Cal 
= 0A, M, 


(negative for 0; compression), and Q is first moment of the area 
about centroidal axis. The subscripts e and p on A, Q, and / 
refer to the elastic and inelastic (plastic) areas of the cross section. 

For a given material, all the terms on the right side of either 
Equation [4] or [5] are constant except 8. Since P and M are 
both linear in 8, the line BC is a straight line. If o2 is made 
equal to —¢a, the yield stress in compression, Equations [4] and 
{5} can be used to locate the point on the interaction curve corre- 
sponding to point B in Fig. 3. 


(a) STRAIN -DISTRIBUTION 


(b) STRESS~- DISTRIBUTION (c) CROSS-SECTION 


DisTRIBUTION OF STRAIN AND STRESS IN STRAIGHT MEMBER OF RECTANGULAR 
(ross Section Wuicu Is Sussectep To AxtaL TENSION AND BENDING Loaps 


For the special case of a rectangular cross section with a = h/2, 
= 0, and 8 = — 1, Equations [4] and [5] become 


If @ is set equal to zero in Equations [6], point B in Fig. 3 is ob- 
tained. Point B’ is obtained if @ is equal to unity. The load P 
and the moment M vary linearly with @ so that the point, corre- 
sponding to point B for a material with @ ~ 0, must lie on the 
straight line BB’, It should be observed that the general expres- 
sion for P and M, Equations [4] and [5}, are also linear in a. The 
point on the interaction curve corresponding to B in Fig. 3 for 
any value of @ is obtained by interpolation between B and B’, that 
is, by laying off a distance along BB’ from B equal to aBB’. 

For any point on the interaction curve from A to B inelastic 
strains occur on both sides of the member. In the more general 
ease the location of any point on this curve is a function of both 
a@ and a, the strain-hardening factors in tension and compres- 
sion. If a, = a = a, the location of any point from A to B can 
be computed for a = 0 and @ = 1 and the location of the point 
for any @ can be determined by interpolation in a manner similar 
to that discussed above for point B. The curves shown in Fig. 3 
illustrate the effect of a on the interaction curves for '/; depth of 
yielding in a member with rectangular cross section. 

The calculation of a point on the interaction curve for the more 
general case can be carried out from diagrams similar to that 
shown in Fig. 6. Assume a strain distribution, Fig. 6(a), which 
will result in a given depth of yielding. From the strain distribu- 
tions and the known stress-strain diagrams, Fig. 4(a), the stress 
distribution, Fig. 6(b), can be obtained. The load P and the 
moment M can then be calculated for the given stress distribu- 
tion. 

The effect of depth of yielding on the interaction curves is 
shown in Fig. 2 for a member with rectangular cross section and 
made of a material with identical properties in tension and com- 
pression and a@ = 0. The effect of cross section on the interaction 
curves is indicated in Fig. 5 by the rectangular, circular, and 
T cross sections. The material is the same as for the curves 
shown in Fig. 2, and the depth of yielding is '/, the depth of the 
member. 

For a memoer of given length, cross section, and initial eccen- 
tricity, the load or moment on the member necessary to produce a 
given depth of yielding cannot be determined unless the deflec- 
tions of the member for these conditions are known. If the 
deflection is known, the final eccentricity can be calculated and 
the relation between moment and load obtained. In case the 
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axial eccentric load is a tension load, simple first, second, and 
third approximations to the moment-load curves are given later 
in this paper so that a safe approximation to the load can be ob- 
tained. These procedures are presented in the discussion of re- 


sults. 


MATERIALS AND MetTuHop OF TESTING 


The materials used in the experimental investigations were 
annealed high-carbon rail steel and aluminum alloys 245-T4 and 
75S-T6. Nine eccentrically loaded tension members were tested, 
three for each material. The rail-steel test members were ma- 
chined from the base of an annealed railroad rail. The aluminum 
test members were machined from six pieces of as-rolled bar 
stock, All machined surfaces were finish-ground. The over-all 
dimensions of the test members are shown in Fig. 1. The numeri- 
cal values of the cross-sectional dimensions and the original 
eccentricity e, are listed in Table 1 


ITIES AND ORIGINAL CROSS- 


TABLE 1 NAL 
SECTIONAL DIMENSIONS OF TEST MEMBERS 


d 
an of Depth of Original 
Test section, section, eccentricity, 
A Material number in. in. in. 
Annealed rail steel 1 0.753 1.249 1.147 
2 0.753 1.249 0.465 
3 0.753 1.249 0 282 
Aluminum alloy 248-T4 1 0.751 1.252 1.194 
2 0.751 1.252 0. 503 
3 0.751 1.252 0.304 
Alurmaum alloy 758-T6 1 0.747 1.252 1.194 
2 0.747 1.252 0.504 
3 0.501 1.252 0 304 
we 


Fic. Layour or Fixtures Usep in Loavina Test Members 

The test members were all tested in a hydraulic type, Amsler 
testing machine having load ranges of 0 to 10,000, 0 to 20,000, 0 to 
50,000, and 0 to 100,000 Ib. 
shown in Fig. 7. 


The load was applied by the fixtures 
The two yokes were attached to the heads of 
the testing machine. The load was transmitted from the yoke 
through */,-in-diam hardened steel balls to the tapered pin and 
from the pin to the test member. The purpose of the taper on 
the pin was to permit lateral adjustment of the test member to 
minimize lateral bending. 

Strains in the rail-steel members were measured by 1-in. Type 
A-11, SR-4 electrical strain gages at the locations shown in Fig. 1 
These gages were found to be unreliable for the large tensile 
strains (up to 0.015 in. per in.) in the aluminum members; there- 
fore a 2-in. gage length mechanical extensometer, with one divi- 
sion on the dial equaling 0.0001 in. per in. strain, was used to 
measure the strains in the fibers near the most strained fibers. 
The data from the SR-4 gage were used for small strains, and the 
The deflections of the 
members were measured by @ '/joo-in. dial by the arrangement 
shown in Fig. 7. 


extensometer was used for large strains. 


In testing, increments of load were applied and corresponding 
strains and deflections measured. In the inelastic range the 
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strain and deflection readings indicated that the inelastic deforma- 
tioncontinued with time. Insuch cases an arbitrary time interval 
of 5 to 15 min was allowed for indicators to become reasonably 
steady before readings were taken. During this interval a fairly 
successful attempt was made to hold the load at a constant value. 


PROPERTIES OF MATERIALS 


Mechanical properties of the materials were determined from 
standard tension and compression specimens cut from the bars 
from which the moment-load test members were made. They 
were selected so that the center lines of the tension and compres- 
sion specimens coincided as nearly as possible with the most 
strained tension and compression fibers of the moment-load test 
members. 
rail steel, one from near the most strained fibers of each of the 
three test members. 
it was assumed to have the same properties in tension and com- 
pression. 


Three tensile specimens were tested for the annealed 
From past experience with this material, 


For each aluminum alloy, three tension and two 
The stress-strain diagrams 
of the materials are shown in Figs. 8 and 9. Each diagram is 
shown approximated by two straight lines, Mechanical prop- 
erties were taken from these straight lines and are listed in Table 
2. 


compression specimens were tested. 


TABLE 2) MECHANICAL PROPERTIES OF MATERIALS 


Tension Compression 
Gel, 
Material 10° pei psi a psi 
Rail steel: 
Test member no. 1 80.9 38600 0 OR2 
Test member no. 2....... ~.... 80.9 37000 0.077 
Test member no. 3............ 30.9 36000) 0.077 
10 9 72000 0.024 70800 0. 100 


Discussion Or 


For each of the nine eccentrically loaded tension members, the 
strain distributions across the depth of the member and the 
deflections were obtained at increasing loads, The strains were 
In the case of the six 
aluminum specimens, the strains in the most stressed tension 


measured at the locations shown in Fig. 1. 


fibers for elastic conditions were measured by the SR-4 gages, 
Thereafter these strains were obtained by extrapolation using the 
strains as determined by the 2-in. extensometer, 

The load P on each member was weighed by the testing ma- 
chine. The moment M corresponding to P was calculated from 
the load P, the initial eccentricity e,, and the measured deflection, 
Each load P and moment M was reduced to dimensionless form 
by dividing by the respective quantities ?, = 0, A and M, = 
Sal /c where o,,; is the yield stress in tension as listed in Table 2 
Corresponding values of the dimensionless ratios of load and 
moment are plotted for each of the test specimens in Figs. 10, 11, 
and i2 for the annealed rail steel, aluminum alloy 24S8-T, and 
aluminum alloy 75S-T, respectively In each of these figures are 
shown interaction curves for the loads ? and M which, when 
acting together, will cause inelastic strains of fibers to zero depth, 
one-quarter depth, and one-half depth, respectively, across the 
section of the member. For each of the test members a test 
point was determined for each of the interaction curves and each 
is shown as a circle with a dot in the center. The test points 
indicate that the largest error in the calculation of either the 
moment or load was less than 5 per cent. Also the results show 
that the load corresponding to one-half depth of yielding is more 
than 50 per cent greater than the elastic limit load, 

Approximate Methods of Determining the Deflection A in Equa- 
tion [2]. In the following paragraphs three approximations of 
the moment-load curves will be presented for obtaining conserva- 
tive values of the load necessary to produce a given depth of 
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melastic strain. In each case the actual deflection is larger than 
that computed, but the use of an interaction curve such as ABC 
in Fig. 3 along with Equation [2], in which either of the values 
of A is substituted, will give a conservative value of P; that is, 
the value of P will be less than that which will be required to 
cause the actual assumed conditions in the member. This fact 
will be discussed under the next sideheading. 

For the first approximation of the moment-load curve, Equa- 
tion [2], assume that the member does not deflect so that the 
relation between load and moment can be calculated from the 
initial eccentricity. The radial solid lines shown in Figs. 10, 11, 
and 12 represent the first approximation to the moment-load 
curves. 

For the second approximation of the moment-load curve, we 
calculate the maximum elastic deflection A, corresponding to a 
stress of o, in the extreme fiber in tension. The relation be- 
tween load and moment based on the eccentricity corrected for 
elastic deflection is shown as dashed lines in Figs. 10, 11, and 12. 

A third approximation of the moment-load curves is easily ob- 
tained for any given depth of yielding. For the special case of 
pure bending of a beam whose cross section has two planes of 
symmetry and made of a material with identical stress-strain dia- 
grams in tension and compression, the deflection A of the beam is 
obtained in terms of the maximum elastic deflection 4,. From 
geometrical considerations it easily can be shown that for these 


conditions 


Equation in which was made equal to 
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where A, 
extreme tensile fiber stress of o,,, and W is the depth of yielding. 
For '/, or '/2 depth of yielding Equation [7] gives deflection of 
‘/, A, and 2A,, respectively. 

The computation by the more exact method of the deflection 
after inelastic strains have occurred requires an enormous amount 
of work, The third approximation of the moment-load curves is 
also based on a deflection which is smaller than the actual deflec- 
This fact is explained as follows: It is assumed that the 
deflection of the member is proportional to the algebraic difference 
of the strains in the most strained tension and compression 
fibers of the member. 


is the maximum elastic deflection corresponding to an 


tion. 


Consider as a special case an eccentrically 
loaded member in which the strain in the most strained compres- 
sion fibers does not change as inelastic deformation occurs; the 
deflection of this member is given by Equation [7]. This special 
case does not occur except perhaps for small eccentricities accom- 
panied by large depth of yielding, and hence the strain on the 
compression side increases us yielding takes place so that the 
algebraic difference in strain is larger than that necessary for 
[7] to be valid. general, the actual 
deflection will be larger than that given by Equation [7]. The 
dotted lines in Figs. 10, 11, and by 


Equation Hence, in 


12 were obtained using 
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Error Due to Use of Approzimate 4. The load P obtained by 
using these lines which represent the first, second, and third 
approximation are all smaller than the actual value of P and the 
value of M is larger than its actual value as shown by the larger 
circle with black dot in Figs. 10, 11, and 12. 

It is sometimes desirable to use in Equation {2} an approximate 
value of A which is slightly larger than the actual value. This 
procedure would lead to the computation of values of P and M 
that are, respectively, slightly larger and slight!y smaller than the 
values that will cause the actual inelastic strained condition of the 
member that is assumed. The following method is used for 
determining such a value of A: 

From calculations for the maximum elastic load, the n-outral 
axis and the strains €,, and —é, for most strained tension and 
compression fibers can be determined. Assuming that the neu- 
tral axis does not change, the strains €& and —é, can be deter- 
mined for the most strained fibers for a given depth of yielding. 
The deflection computed by the expression OO 


will be larger than the actual deflection since the neutral axis 
shifts toward the compression side of the member thus reducing 
both € and & for a given depth of yielding. 

Axial Compression and Bending Loads. The results of the 
investigation reported here do not usually apply to a member 
subjected to combined bending and axial loads if the axial load 
is a compressive load, When the axial load is a tensile load its 
effect is to reduce the deflection due to bending and it thereby 
tends to reduce the maximum bending moment. This is shown 
by the fact that in Figs. 10, 11, and 12, where the axial load is a 
tensile load, the test data representing values of maximum bend- 
ing moment M versus the axial load P lie in curves which are 
concave downward and to the right. On the other hand, when 
the axial load is a compressive load its effect is to increase the de- 
flection due to bending and it thereby tends to increase the 
maximum bending moment. This is shown in Fig. 13, where 
some assumed moment-load curves OBD and OFG resulting from 
compressive axial loads are shown (no tests were made using com- 
pressive axial loads; this important problem requires further re- 
search), 

In Fig. 13 curve OAC represents an actual test of a member 
of 75S-T6 under combined bending and axial tensile loads, and 
this curve shows that the tensile axial load reduces the deflection 
so much that the bending moment reaches a maximum as shown 
at A. On the other hand, the hypothetical’ curve OBD for the 
same member subjected to combined bending and axial compres- 
sive loads is concave upward and to the left, showing that the 
compressive axial load tends to increase the bending moment. 
Curve OBD shows, by the vertical tangent at B, that when the 
axial load is compressive, the axial load reaches a maximum value 
instead of the bending moment. This fact means that when the 
axial compressive load represented by the abscissa of the point B 
is applied to this member it becomes unstable and will collapse by 
buckling, because points on the curve above B show that when 
the load at B is reached, smaller axial compressive loads than at B 
are capable of producing greater bending moments. 

It should be noted that the curve OBD does not intersect the 
curve representing pairs of values of Mf and P that correspond to 
'/, depth of the section being inelastically strained, and hence the 
results of the analysis in this report do not apply to such mem- 


6 These curves can be constructed for the materials tested in this 
investigation by a method devised by W. D. Jordan, University of 
Illinois, Urbana, Ill. Mr. Jordan's method has not been published as 
yet. 


hic. 13) Moment-Loap Curves Contrasting Errect or TensiLe 
AxtaL Loaps With Compressive Axtat Loaps ON FAILURE oF 
MEMBER 


bers. However, if the member is subjected to a compressive 
axial load having only a small eccentricity the moment-load curve 
may be represented by a curve such as OFG which does inter- 
sect the curve representing '/2 depth of inelastic strain before the 
buckling load at F is reached. It is of interest here to note that 
the points B and F will always be above the line representing the 
beginning of yielding. This means that the primary buckling 
(collapse) load for a member subjected to combined bending and 
axial compressive loads corresponds to a combination of bending 
moment and axial loads that will produce some inelastic strain 
in the most highly stressed cross section. 

Additional research is needed for solving the problem of com- 
bined bending and axial compressive loads. It is believed that 
the method of attack used in this investigation can be used for 
this purpose 


SUMMARY AND CONCLUSIONS 


A method is presented for constructing dimensionless interac- 
tion curves for members of any cross section having one axis 
of symmetry and subjected to eccentric axial loads in the plane of 
symmetry. The theoretical interaction curves for members of 
rectangular cross section were compared with experimental data 
for eccentrically loaded tension members of annealed rail steel and 
aluminum alloys 248-T4 and 75S-T6. Three specimens of each 
material were tested to give three points on each interaction 
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curve. Four approximations to the deflection of a member are 
presented so that a satisfactory approximation of the loads 
for a given depth of yielding can be computed. The results pre- 
sented in this paper are believed to be sufficient to justify the 
following conclusions: 

1 The interaction curve is constructed for a given member 
subjected to a combination of axial load and bending moment by 
locating two or more points on the curve. 
by computing the values of P and M for the stress distribution 
that is assumed to oceur for the given depth of inelastic strain. 
Because of the ease of construction and use, the interaction curve 
was derived to give the range of corresponding values of moment 
and load which would produce a given depth of inelastic strain. 


Each point is located 


The tension and compression stress-strain curves for the material 
are approximated by two straight lines, Figs. 8 and 9. 

2 The results obtained from tests of eecentrically loaded rec- 
tangular tension members of annealed rail steel and aluminum 
alloys 248S-T4 and 75S-T6 gave good correlation between theo- 
retical and experimental interaction curves. 

3 In designing an eccentrically loaded tension member for a 
given depth of yielding, the lateral deflection in Equation [2] for 
the member must be known so that the relation between axial 
Four approxima- 
tions to the moment-load curve sare presented. All approxi- 
mations give values of ? and M that are not greatly different 
from the values which correspond to the actual conditions assumed 
in the member. 

4 The test results show that for beams of rectangular cross 


load and bending moment can be determined. 


section subjected to combined axial tensien and bending loads, 
more than 50 per cent increase in load at the threshold of the oecur- 
rence of inelastic strain in the most highly stressed fibers of the 
beam is required to cause inelastic strains in the most stressed 
cross section to occur to a depth of '/, the eross section. 

5 The results of this investigation are not generally applicable 
to such members as described in the foregoing conclusions when 
This problem is one of 
unstable equilibrium because the axial load reaches a maximum 
and at this load the member will collapse due to inelastic buckling 
It is concluded that further research, in which moment-load curves 
such as OBD and OFG in Fig. 13 must be used, will be required 
The method of analysis developed in 


the axial load is a compressive force. 


to solve this problem. 
this report will be of great value in analyzing the behavior of 
a member subjected to combined bending and axial compressive 
load. 
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Discussion 


J. M. Enoutsu.£ The authors have presented an interesting 
paper on the interaction curve for bending and direct stress ex- 
cluding stability. A valuable contribution lies in the approach 
they took. Ultimately it may lead to a better understanding of 
the column-interaction curve which does involve stability. 


* Department of Engineering, University of California, Los Angeles, 
Calif 
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When stability is not a factor, the criterion for failure must be 
defined by stress. The authors do this by limiting arbitrarily the 
extent of the inelastic behavior of the cross section of the beam to 
one half the depth. With this criterion it is then possible to ob- 
tain a relationship between P and M which can be plotted as an 
interaction curve. The interaction curve may be plotted non- 
dimensionally by dividing by chosen reference values of P and M 
Because the development of the curve was started from the well- 
known elastic relation 


o0 = P/A + Me/I 


it was quite natural to choose ?, and M, as the reference values 
However, a more useful representation of the interaction curve 
The 
ultimate value of moment, defined by an arbitrary proportion of 


may be obtained by choosing the ultimate moment M, 


the section exceeding the elastic limits, will be in excess of the 
elastic limit value V,. 
curves, the intercept on the moment axis exceeds unity when M, 


Consequently, as is shown in the plotted 


is the reference. 
If the ultimate value M, is chosen as the reference moment 
value, the usefulness of the interaction curve is enhanced, Some 


The 


ultimate v.iae of the moment for pure bending may be defined 


interestir, relationships become immediately apparent 


either, as vefore, in terms of a percentage of the section depth 
behaving inelastically or alternatively as an experimental ulti- 
mate. Essentially it makes little difference to the resulting inter- 
action curve. 

Consider the case of idealized plasticity, a 0.0, and a fully 
plastic section. The M, will be 1.5 M,. The curve, labeled 
“fully plastic” in Fig. 2 of the paper, will then be sealed down by 
this factor to fit the framework of a one-one diagram, Its equa- 


tion can be shown to be 


If the curves of “partial depth vielded” are plotted on the same 


diagram as Equation [9], the upper portion of the interaction 
curve in each case is also a parabola and thus is coincident with 
that of the fully plastic curve. 

This fact may readily be seen with reference to Fig. 14 of this 
discussion, which represents the stress distribution in the cross 
section for some value of P and M. The only way for P to in- 
crease and still satisfy the original postulate, is for the sloping line 
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A-B to shift to A’-B’. Hence the increase in P is — 

dP = 2adz 

Likewise, the change in moment will be 


dM = —2azdz 


Integrating each of these expressions and eliminating z, a parabola 
=c 


is obtained, 

The only effect of the arbitrary limitation of the depth of plas- 
ticity is to change the slope of the straight portion of the inter- 
action curve, This also establishes the intersection of the straight 
line and the parabola. The resulting interaction curve is shown 
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in Fig. 15, herewith, for the case of '/, the depth yielded. The 
difference between this and the one having a fully plastic stress in 
the section is seen by comparison with the completed parabola 
shown dotted. 

The authors kept the problem general by not basing their 
development on the idealized flat-top stress-strain relation, How- 
ever, it is interesting to note the results of the tests as plotted 7 on 

7 The data for replotting the authors’ test results were taken di- 


rectly from the preprint of the paper. There may have been a loss of 
accuracy in the transcribing. 


JANUARY, 1953 


the one-one interaction diagram in Fig. 15. Even for the case of 
annealed rail steel which did not exhibit a horizontal region in the 
stress-strain curve, the results lie remarkably close to the inter- 
action curve with the parabolic upper portion and the straight- 
line lower portion. It may be that this simplified interaction re- 
lation will provide a suitable general expression for engineering 
applications. 


AuTHuors’ CLOSURE 


The authors are grateful to Mr. J. M. English for his inter- 
esting discussion. His method of representing an interaction 
curve for a member made of a material with a = 0.0 is a simpler 
relation than that given by the authors, and the one-to-one plot, 
Fig. 15 of his discussion, is perhaps more appealing to the engineer. 
Interaction curves for rectangular members made of materials 
with @ ~ 0.0 also may be plotted on the same diagram. Curve 
A-B-C is the interaction curve for '/, depth of yielding of a mem- 
ber made of a material with a = 0.0. If a = 1.0, the correspond- 
ing interaction curve is A-B’-C. Interaction curves for rectangu- 
lar members made of materials having other values of @ would 
lie in the area bounded by A-B’-C-B-A. As indicated in Fig. 
3 of the paper, the co-ordinates of point B, the end of the straight 
line B-C, is very important. In Fig. 3 the co-ordinates of B for 
a given @ were obtained by linear interpolation between points 
Band B’. Although the abscissa of point B” for a # 0 may be 
obtained by linear interpolation between the abscissa of point 
B and the abscissa of point B’, the ordinate must be obtained 
from the relation 


RB’ BM, + (B'M', BM,) a 

M, + (M'.— M,)a 
where B” is the ordinate of the point for the required a@ and M, 
and M’, are the ult.” te values of the moments for a = 0.0 and 
a = 1.0, respectively. The ultimate value of the moment is the 
magnitude of the pure moment which will produce the given 
depth of yielding. 

The representation of the interaction curves as given by Mr. 
English has two disadvantages. In the first place the values of 
M, would have to be given for each set of curves. These values 
could be given in equation, tabular, or graphieal form. Also, 
the curve as represented in Fig. 15 of the discussion, conceals the 
relative increase in load which may be required to produce a 
given depth of yielding. 

There is one point on which the authors wish to differ with the 
discusser. The criterion for failure was not defined by stress. 
If @ is equal to zero, there is nc way in which the magnitude of 
stress can be associated with depth of yielding, since each depth 
of yielding results in the same value for the maximum stress. 
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Relations for the optimum proportions of multilayer 
vessels and the computation of stresses are derived. They 
are based on the energy of distortion-strength theory 
which is discussed and illustrated by a photographed 
model. It is shown that the stress distribution in fully or 
partially plastic cylinders can be obtained as the limit 
case of a multilayer vessel with an infinite number of lay- 
ers of constant or variable yield point. Relations are 
proposed for the determination of the plastic strains. 
The problem of thermal stresses is discussed and a graphi- 
cal method for the rapid computation of transient thermal 
stresses is explained. 


NOMENCLATURE 
_ The following nomenclature is used in the paper: 


p = pressure (to be introduced with negative sign!) 


4 Pp, = transition radial stress at r, (if negative = com- 
pressive ) 
02, 0s = principal stresses oli 
Oy = radial, tangential, and axial stresses 
o,,9,,0, = general normal stresses 
Try Ty Tez = Shearing stresses 
a) = effective stress (yield strength for yielding) 
op = radius (Fig. 3) 
r, = transition radius between plastic and elastic 
zones 
r 
p = or 1 < p< ~ in plastic zone 
e 
al R = radius ratio 
R=" 
€ = strain 
= modulus of elasticity 
= Poisson's ratio 
T = variation of ambient temperature 
7, = sudden or total variation of ambient tempera- 
ture 
@ = increase of body temperature 
a 
= dimensionless time = 
{ = time 
a = diffusivity = 


yc 
= thermal conductivity 

! Senior Research Associate, Belle Technical Section, Polychemicals 
Department, E. I. du Pont de Nemours & Company, Inc. 

Contributed by the Petroleum Division and presented at the 
Semi-Annual Meeting, Cincinnati, Ohio, June 15-19, 1952, of Tue 
AMERICAN Society oF MecHANIcAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, May 
21,1951. Paper No. 52--SA-5 
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coefficient of thermal expansion 


c = specific heat 
a Y = specific weight 
a = heat-exchange coefficient from surrounding to 
body 
BET, 
k=n » © 
a, 4 +a,+..+a,+..+ 4, 
k=1 ter 
kan 4 e*® 
ll Q, = @a@:...a,. a, 


INTRODUCTION 


The tendency in the chemical industry to operate processes 
under higher and higher pressures has forced the designer to de- 
vote more attention to the design of pressure vessels and to 
diminish the factor of safety (ignorance factor). The stress dis- 
tribution caused by pressure in the wall of high-pressure vessels is 
very uneven, and the optimum utilization of the material is far 
Different modifications have been proposed 
in the past to overcome this difficulty. It is possible to obtain a 
better distribution of stress by introducing an adequate field of 
residual stresses. This can be accomplished by autofrettage pro- 
ducing partial or total yielding of the wall of the vessel. 

Alternatively, a field of initial stress can be introduced by 
shrinking several cylinders or layers one upon the other. If the 
number of layers is large and their thickness relatively small, the 
vessel can be built by wrapping a sheet or strip of steel round a 
cylindrical core. Well-known examples of this type are the A. O. 
Smith vessels and the German design utilizing interlocked narrow 
steel strips (1).? This last type of vessel] has the advantage of 
allowing the use of steel bands which can be evenly heat-treated 


from being reached. 


to maximum strength and inspected for soundness. 

The present paper will deal with the distribution of mechanical 
The theory will be ex- 
tended to the autofretted vessel considered as a particular ease of 


and thermal stresses in multilayer vessels, 


a multilayer vessel. 
The stress field will be assumed to be symmetrical about the 
axis and constant along the length of the vessel. 


THEORY OF STRENGTH 


The: fracture of materials can be separated into two broad 
classes. The first one consists of materials presenting a brittle 
The second one covers ductile materials which break 
Many theories of failure 


have been formulated in the past in an attempt to reduce different 


fracture. 
with considerable plastic deformation, 


states of stress and strain to a unique comparative stress and 
strain (2). 

In the present paper the material will be considered as ductile 
and the energy of distortion theory (Maxwell, Hencky) as ap- 


? Numbers in parentheses refer to the Bibliography at the end of the 
paper 
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plicable. The deformation of a smal] cube of material sub- 
mitted to a given state of stress can be reduced to two components 
of strain.‘ The first one corresponds to a change in volume due to 
an equivalent hydrostatic state of stress 0, given by the relation 


+ 0, + 


(1) 


The second type of deformation is a distortion created by an 
equivalent effective stress oo, given by 


% = + (a2 Gs)* + — .. [2] 
v2 


A hydrostatic state of tensile stress should produce rupture when 
the cohesive strength is reached but this represents a stress many 
times higher than the true tensile stress in an uniaxial test. For 
this reason, the influence of the hydrostatic component on the 
strength is assumed to be negligible. 

Relation [2] delineates a regular cylindrical surface equally in- 
clined to the axes of co-ordinates, coinciding with the direction of 
A model has been built by the author and 
is reproduced in Fig. 1. Any point of co-ordinates 0), 
taken on the cylindrical stress surface (which has been seetioned 


the principal stresses, 


to show the stress components) corresponds to a state of stress 
The straight-line distance from this point 7? to the 
This re- 


Oi, 
origin of the co-ordinates is the resultant stress a, 
sultant stress can be resolved into two components, one along the 
axis and one along the radius of the eylinder. It is easy to 
demonstrate that the first one is proportional to the hydrostatic 
stress 0, and the second one to the effective stress a, proportional 
to the octahedral shearing stress. Since the component a, is 
neglected, the model can be projected on a plane perpendicular to 
the cylinder axis. Therefore the component o, will reduce to 
point and vanish and the radius of the cylinder +/2/3 a» is pro- 
jected in true length. The principal stresses 0), 02, 0; are reduced 
by projection in the ratio +/2/3 and the three co-ordinate axes 
will appear as three axes at 120 deg apart. A series of concentric 
cireles can be drawn on the plane of projection corresponding to 
different values of the effective stress a» 

If the state of stress is plane, the stress surface is replaced by 
the ellipse formed by the cross section of the cylindrical stress 
surface and the plane 0, = const, for example. 

All computations of the effective stress oo can be carried out in 
the plane of projection by the vectorial addition of the principal 
Where the 


principal stresses are not known directly, it also may be interest 


stresses directed along the three isometric axes. 


ing to compute graphically the effective stress a» derived from the 
general relation 


Gee 
tjute 


REPRESENTATION OF THE ENERGY oF DistorTION 
STRENGTH THEORY 
Hencky.) 


SPACcIAI 
(Maxwell; 
In succeeding paragraphs dealing with vessels, the effective 


stress defined by Equation [2] will be introduced since the radial, 
tangential, and axial stresses are principal stresses 


Ovrimum DestcN or MULTILAYER VESSELS 


Effective Stress Varying From Layer to Layer in 
Let us consider Fig. 3, a vessel composed of 


General (ase 
Any Specified Way. 
several closed-end cylinders shrunk one upon the other. 

The radius ratio of each layer k is given by 


The stress distribution across the ws 
formulas® 
for internal pressure 


{5} 


é 


+ (¢, — + o,)*] + Xr,,° 


which ean be written 
/ 
VS? + U? 


Fig. 2 (a and 4) shows that a graphical computation is still easy 
toachieve. S is directly found by the vectorial addition of vector 
stresses as indicated in Fig. 2(a). Then, U is found as shown in 
Fig. 2(b), and is added at 90 deg to the component S, Fig. 2(a) 
The use of the isometric representation is useful for a rapid dis- 


cussion of stress problems. 


3 1f one prefers to use the maximum shear-strength theory (Tresca), 


all the succeeding formulas are still valid provided V 3 be replaced by 


the value 2. 


4 Reference (2), p. 210. 
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rx 


for external pressure 


The axial stress is given by 


®In these relations and the following ones, a pressure p is con- 
sidered as a negative normal stress! 
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(a) 
Fig. 2 
For a layer k submitted to an internal contact pressure py, and 2 k ket N =ORDER OF 
an external pressure p,, the total stress is given by the addition of SW, A777) THE LAYERS 
the stresses given by Equations [5] to [9]. Introducing the total SAN 4 
stresses into Equation [2], the effective stress at any radius ratio 
p is 


(R,/p)* 


The maximum effective stress at the bore (p = 1) of any layer is 


Tn = V3 Pe {11] 


To obtain a given value of ox in each successive layer, either the 
pressure difference or the ratio R, can be selected. Therefore the 


further condition can be imposed that the volume of the ma- 
terials composing the wall of the vessel must be a minimum. 

Let us first consider two adjacent layers of radius ratios Ry and 
R,.;. The over-all radius ratio for these two layers is 

Ry = R, Revs 

which must be a minimum. 

Writing Equation [11] for the layer k + 1 and introducing R, 
and Rx.; into Equation [12] we find after eliminating p, and 
satisfying the condition (dR,)/(dRy.i) = 0 


EFFECTIVE STRESS 


Tok Toke 

RZ Res? 

Equation [13] gives the relation between the effective maximum 
stress at the inner bore and the wall ratio for each layer. 

A series of relations equation [11] can be written for each of the 


= const 


n-layers of a vessel 
Considering the condition of minimum ratio, as defined in Mqua- 


= — pi) tion [13] 


R,? 
= V3 (pe — Pen) 
we have 


V3 (Pa — Put) 
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Further, considering the over-all ratio 
Ro = RR, 


we can write 


= const 


= 
Tor l/n 
If 
k 


Combining Equations [17] and [19] we find 
[21] 


which introduced into Equation [15] gives the following general 


relation 
n y /2 


This relation gives the optimum over-all radius ratio Ho for 
any distribution of the effective stress oo. when the operating 
pressure difference (p, — p,) is applied. Then, Relation [20] 
gives the radius ratios A, for the different layers, and Relations 
[14] the contact pressure py. Each layer & can then be con- 
sidered as a separate vessel submitted to an internal pressure 
Formulas [5] to [9] give the 
corresponding stress distribution at any point. 


pe and an external pressure p,. 


Generally, go cannot be taken as constant for every layer. High- 
pressure vessels can be submitted to pulsating pressure inducing 
large alternating stresses at the bore, to corrosion, to hydrogen 
attack, and to thermal stresses. The lavers ean be made of ma- 
terials having different strength. 

Particular Cases. (a) Constant effective stress oo, and a finite 
number of layers: If, under the working pressure, each of the n- 
layers is submitted to the same effective stress a, Relation [22| 
Rives 


[23] 
It follows that the difference of pressure that the vessel can carry 
Is 


Py Pa n 


This relation is plotted in Fig. 4 for different values of x. 
the limiting curve A 
pressure than under load. 
(b) Constant effective stress a and infinite number of layers: If 
the number of layers n, tends to infinity, the limit of Relation 


{(24] is 


[24] 


Above 
B, the effective stress is larger without 
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which is identical with Nadai’s relation for solid wall cylinders 
of constant yield strength o> submitted to full yielding.* In 
case of work-hardening, a solution also can be obtained from Rela- 
tions [14] to 


DETERMINATION OF SHRINKAGE INTERFERENCE 


Let us consider a vessel composed of two sleeves of different 
materials of modulus of elasticity FE, and F:. Introducing Rela- 
tions [5] to [8] into Hooke’s law and stipulating that the initial 


® Reference (2). p. 441. 
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radial shrinkage stress o, must produce a total radial deformation 
equal to the interference, the following relation is derived 


Ar 1 [ ( 
= B ~(A—1)—r{1 o,.. [26] 
r FE, 
This relation introduces the close approximation that Poisson's 
coefficient v is equal for both materials and assumes zero axial 
The factors A and B are dimensionless coefficients 
plotted in Fig. 5. 
If the axial stresses are different from zero, the interference 
must be corrected by the amount 


stress, 


Ar, 


— 27 


In Relation [26], the value of ¢, is the shrinkage stress be- 
tween both sleeves after the pressure has been removed from the 
vessel and is calculated as follows: The total radial contact stress 
under‘operating pressure p, and p, is known from the theory out- 
lined in the previous paragraphs, Relations [14]. The following 
relations derived from Hooke’s law will give the reduction of the 
contact stress p; when the internal and the external pressures are 


removed: 
Internal pressure p, removed 
+ ( 
External pressure p, removed 
(B + 1)p 
p’ = 29] 
B+ —(A 1) 
The value of o, is then given by 
o, =p, + p’ + p”. {30} 


Relations (26] to [30] are still valid if each of the two sleeves is 
cémposed in turn of several layers of the same material shrunk 
one onto the other, since such a wall can be considered as a solid 


piece of the same material 
AUTOFRETTAGE 


Stress Distribution at Constant Yield Point. The field of stress 
is easy to find considering the equilibrium of an element of wall 
and Relation [25]. The relations obtained are identical with 
Nadai’s formulas’ 


{31 | 


; oolnp 


These relations and the following ones are valid for yielding, 
The posi- 


under internal p,, external p,, or differential pressure. 
tive sign is considered if the values of (0, —— p,) are greater thaa 1, 
and the negative sign is valid if they are smaller than 1. 

The stress distribution in a eylinder under partial plastie de- 
formation also can be calculated easily if both the position of the 
transition radius r, separating the plastic and the elastie regions 


7 Reference (2), p. 440. 
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and the yield point o are first specified. The radiai stress p, at 
the transition radius is calculated from Relation [11] which gives 


ao RZ 


=p, F 


Considering now the plastic zone, Relation [25] is used intro- 
ducing for p, the value p,. The difference of pressure that the 


vessel can support is found immediately and is given by 


R,? 2 

V3 

The stress distribution at any point can then be computed 
from Equations [5| to [9j and [31] to [33], considering each zone 
as a Separate vessel submitted to the pressure difference (p, —— p,) 
imposing the elastic field of stress, Equations [5] to [9], as a re- 


and (p, Residual autofrettage stresses are found by super- 
sult of removing pressure p, and p, 

Much has been published about the yielding of heavy-wall 
cylinders (3, 4, 5). The different theories introduce usually ap- 
proximate relations based on the similarity of the Mohr's circles 
for stresses and strains. For closed-end cylinders, the stress dis- 
tribution given by all the theories is in close agreement with 
The 
radial and tangential stresses are also in good agreement for 
The axial stress, however, is in error but is 
of small importance since it is acting in the direction of maximum 
strength of heavy forgings. 

Strain Distribution at Constant Yield Point. 
of the strain in the plastic zone is simple if we first calculate from 
Hlooke’s law the elastic strain at the transition radius, The 
plastified mass situated inside the elastic zone is then supposed to 
behave like a compressible fluid following the elastic radial and 
axial displacement imposed by the elastic shell. 

The tangential strain at any radius r, corresponding to the 
radial expansion of the elastic zone, is given by 


the values obtained from the simple Nadai’s formulas (2). 


open-end cylinders 


The determination 


t+ (1 


Pe ( (1 
E\r 


p, being known trom I:quation [34] 
The axial strain €, of the elastic shell increases the plastic 


2v) 


strain by an amount 


The elastic stress o, is known from Relation [9]. 
A further correction due to the compressibility of the plastified 


zone Will tend to diminish the strain. It is given by 


B12) 
= ordr 
kr? 


in which the plastic stress o, is derived from Equation [33]. 
The total tangential strain is given by 


[38 } 


An example is treated and the results are plotted in Fig. 6. 

A pprorimation for Work-Hardening. When a material exhibits 
work-hardening, it is proposed to introduce an average yield 
point, variable during the process of yielding and defined as 
shown in Fig. 7. First, the value of the maximum effective strain 
at the bore is estimated 


v2 
€,)? + (€, —€,)* + (€ €,)?... [40] 
3 


= 
q % 
i is 
a 
. 
> 
ad 
= 
4 
. 
= 
2 
| 
x 


~—— MAX SHEAR THEORY 
ENERGY OF DISTORTION 
THEORY 
CYLINDER WALL RATIO 


STRAIN AT THE BORE 


te 


a) 

2 


1g ee 


EFFECTIVE STRAIN E, 
Fia. 7 


Then the determination of stresses and strains follow the choiee 
of the yield point which is corrected subsequently if necessary 
This choice of average yield point has been found to be in close 


agreement with experiments. 
‘THERMAL SPRESSES IN CYLINDER WALLS 


Steady Thermal Stresses. Thermal stresses induced in eylinder 
walls are of two types. The first type corresponds to a steady flow 
of heat and produces steady thermal stresses which are easy to 
calculate from published literature (6), which applies directly to 
multilayer vessels composed of the same material, If the modulus 
of elasticity, the coefficients of thermal expansion and of thermal 
conductivity are differeat for each layer, the computation is made 
in two steps, 

For two layers of dissimilar materials, for example, the shrinkage 
interference varies with the change in temperature level, Another 
variation is introduced by the tangential strains at the shrinkage 
radius of each layer considered as free, due to the thermal stresses 
related tothe temperature gradients, The foregoing stresses super- 
imposed on those introduced by the total change in’ shrink- 
age stress calculated from Equation [26], give the steady thermal 
stresses, 

Transitory Thermal Stresses. The second type of stress takes 
place during the transitory period preceding the permanent state. 
Since the relations governing a transient state of temperature in 
plates, cylinders, or spheres are linear (7), as well as the boundary 
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conditions corresponding to the transfer of heat from the sur- 
roundings, the principle of superposition is applicable to the field 
of temperature. 

This is also true for the field or thermal stresses since they are 
related to the field of temperature by linear equations (6). 

A simple graphical method valid for plates, cylinders, or spheres 
for the determination of the field of temperature or thermal 
stresses at any instant of time during heating or cooling, will be 
described. 

Let us first consider Fig. 8(a), the simple case of a linear varia- 
tion of the ambient temperature with time. The continuous 
variation of temperature 7' = f(7)) can be replaced by infinitely 
small sudden changes of temperature, f (7o)d70, each one starting 
at time 7. The corresponding variation of temperature in the 
body for a unit sudden variation of the ambient temperature 
being known from published works (7, 8) is given here in a form 
suitable for cylinders 


6 = 7,0(r 


© is a dimensionless function giving the temperature at any 
adius 7 and time 7, having as origin the time value 7) at which 
the corresponding sudden increment of ambient temperature has 
started. 

The total variation of temperature at any point in the body is 
given by the summation of the effect of each increment 


0 = f (1)Odr, {4: | 


Graphical Solution. A simple graphical solution will be given 
for solving Equation [42]. Considering first a linear variation of 
T with time, Relation [42] reduces to 


6 = const f 
0 


Let us assume, Fig. 8(a), that the straight line Sf (7) = const, is 
extended beyond the time 7;.- Each variation of temperature cor- 


responding to an increment f(7 )d7o will produce a temperature 
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change at radius r represented by the ordinate at a point having 
as abscissa (7 — To) and situated on curve A-B-C representing the 
function 0, Fig. 9. The integration is proportional to the surface 
A-B-C-D. Wowever, if the temperature stops increasing beyond 
the point A, Fig. 8(a), we have to subtract the surface K-F-G-D 
The value of the 
temperature 6 at time 7 is therefore proportional to the surface 


corresponding to the time interval (7 71). 


ABCD — EFGD = ABCD — ABHI = 1LHCD 


i.e., to the surface enclosed by the axis of time 7, the curve 0, and 
the two verticals /-H and C-) separated by the lapse of time 7. 
The value of @ can be plotted as a function of time 7 after multi- 
plying the areas by the slope f(z»), according to Equation [43]. 

In case of a nonlinear variation of temperature 7’, Fig. 8(b), the 
curve is split up into a series of straight lines and the preceding 
method is applied for each #traight-line portion of the polygonal 
approximation. It must be remembered that each preceding 
increase of temperature A7, remains constant when the next 
sloping line is considered, 

The foregoing theory for temperatures applies equally well to 
thermal stresses. 

Example. 
the variation with time of the tangential thermal stresses at the 
surface of a solid cylinder and for different laws of variation of 
the ambient temperature. Each stress curve is derived by graphi- 
cal method from the basic curve 1. It is interesting to note the 
relatively small diminution of the maximum stress for slower 
heating. 


Fig. 10 is an example applied to the determination of 
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Discussion 


T. McLean Jasrer.® This paper is highly theoretical and the 
writer’s purpose is to supply certain facts which have been ob- 
tained in the testing of pressure vessels to destruction so that the 
author may fit them into his mathematical interpretation of 
what happens to pressure vessels under the testing conditions, if 
such a fitting can be made. 

The Lamé formula for the maximum stress is the one which we 
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have applied in pipe, relatively thin solid-wall vessels, and thick- 
layer vessels. We find that it discovers for us the yield and burst- 
ing strength when the cylinders are long, are made of steel, are 
not autofrettaged or precompressed, and are tested at ordinary 
temperatures, When steel cylinders of pressure vessels are about 
two diameters long, we find that the heads or ends retard the 
building up of the maximum stresses in the middle length of the 
cylinder so that the yield and burst pressure is about 13 or 14 per 
cent higher than the Lamé formula indicates. However, when 
the cylinder is about four or more diameters long we have discov- 
ered, if the longitudinal weld is as strong or stronger than the 
steel in the cylinder, that the yield and bursting stress is closely 
indicated by the normal strength tests such as the normal 
plate specifications require for and when the Lamé formula is 
applied. 

We have discovered that large thick solid-wall vessels do not 
follow the foregoing statement. We have burst five such vessels 
which we had hoped would reach a hydraulic pressure of 20,000 
psi before bursting. The highest bursting pressure for the five 
large solid wall vessels was slightly over 17,000 psi, or approxi- 
mately 85 per cent of the anticipated value. The average burst- 
ing pressures of these five solid wall vessels were about 80 per cent 
of the anticipated value. 

We also have burst five large thick-layer vessels, and the burst- 
ing pressures have all been above the minimum of the steel speci- 
fications used, Some of these burst vessels have been slightly 
precompressed so that in these cases the yield and ultimate 
strengths were slightly increased above the anticipated stress at 
yield and ultimate bursting pressure when compared with the 
physical tensile-test properties of the steel and when the Lamé 
formula was used. It should be mentioned here that the total 
amount of energy contained in the water and steel at the burst 
pressures for these vessels was well over 2,000,000 ft-lb in cach 
case, The solid-wall vessels shattered into many fragments, but 
the layer vessels were always in one piece, thereby presenting a 
much less dangerous situa‘ion should failure occur in any service in 
which they were used. 

We have made several hundred tests on relatively thin solid- 
wall cylinders about 40 ft long and varying in diameter from 14 to 
30 in,, on many of which we measured the yield and ultimate 
pressures and compared them with the actual tensile test proper- 
ties of the steel. The short cylinders in this series of tests led us 
to testing nothing shorter than 4 diameters long, if we would wish 
to check with the material physical tests, and also through the 
Lamé formula anticipate the minimum bursting pressure of a 
long cylinder. 

About 30 full-size pressure vessels varying in diameter up to 10 
ft, and in length up to 50 ft, have been tested to destruction in 
which the yield and ultimate pressures have been recorded. With 
the exception of the 5 large thick solid-wall vessels mentioned, 
and the first 2 vessels tested without proper head shapes and rein- 
forcement of openings, we have found that the Lamé formula will 
anticipate the yield and burst qualities of such vessels very closely. 
For these reasons we believe that the Lamé formula not only an- 
ticipates the yield strength of a nonprecompressed layer vessel, 
but it anticipates its bursting strength as well. 

Since the author refers to layer vessels in particular, some par- 
ticular data will be presented on two layer vessels which were 
made from identical plates. Each plate was cut in half and 
wrapped upon a 20-in-OD length of pipe '/2 in. thick. Upon 
each piece of pipe were wrapped twelve '/,-in. layers, making a 
cylinder with a nominal inside diameter of 19 in., and a nominal 
outside diameter of 26in. The vessels were marked A and B. 

The Lamé formula was applied to the actual dimensions of the 
cylinder as follows (the actual dimensions were slightly different 
from those given.) 


@ 


Vessel A was tested as wrapped and vessel B was stress-relieved 
at 1150 F, and held at temperature for 3'/. hr, and was then 


cooled slowly. 
The test values are given in Tables 1 and 2.° 


TABLE | AVERAGE PHYSICAL PROPERTIES OF STEEL IN 
VESSELS DURING TEST 


Coupons Yield Ultimate Elongation 
from strength, strength in 2 in., 
vessel psi psi per cent Remarks 
A 39770 58845 29.5 (Not stress-relie ved) 
B 37670 56260 32.3 (Stress-relie ved same 


as vessel B) 


TABLE 2) STRESSES AT YIELD AND FAILURE OF VESSELS 


Yield by 
water column Ultimate bursting point 
Pressure, Stress Pressure, 
Vessel psi psi psi Stress, psi 
A 13400 43100 18800 60400 (not stress-relie ved) 
B 11500 37000 17375 55900 (stress-relie ved) 


The calculation of stresses in Table 2 is obtained by multiplying 
the pressure by 3.219, which is a strict application of the Lamé 
formula to the original dimensions of the two cylinders. In con- 
sidering vessel A that was not stress-relieved, it is evident that a 
slight precompression is obtained in both the yield pressure and 
ultimate bursting point. This was due to the wrapping method. 
When vessel B was stress-relieved, however, this small precom- 
pression was relaxed which indicated that the Lamé formula ap- 
plies to layer-vessel stresses due to pressure not only at the yield 
but at the ultimate also. This had been suspected a considerable 
time before in the testing of solid-wall relatively thin vessels. 

The reader should refer to the publications mentioned for a 
more complete application of precompression of layer vessels and 
a general discussion of the same. 

In discussing the transitory and steady thermal stresses in 
vessels, the author has outlined the mathematical considerations 
quite completely. However, rarely are pressure vessels built in 
which the restraints necessary to develop large steady thermal 
stresses are present. At the operating temperature which is con- 
stant over the operating period there are not large thermal stresses 
present unless different steels are involved in the different layers 
in which the coefficients of expansion may be different. If, for 
instance, the inner layer is, say, 18-8 corrosion-resistant steel 
whose coefficient of expansion is, say, 50 per cent greater than 
that of the remaining carbon-steel layers then if the temperature 
changes are great there will be a considerable difference. If, 
however, the inner layer is of 15 per cent chrome steel in which 
the expansion factor is similar to that of plain-carbon steel, then 
the temperature stresses for steady operation are negligible. 
Transitory thermal stresses of large values are often inflicted by 
careless operation. In the building of welded solid-wall thick 
vessels the codes require careful handling during stress-relieving. 
Some operators ignore the implication of care taken in the build- 
ing of pressure vessels when careless operations are allowed. No 
one may design to eliminate the danger. Even ice in a pipe will 
burst it when careless temperature changes are allowed. 

The paper should be studied carefully with the possibility of de- 
termining where it may help in the proper application of operating 
conditions, particularly where solid construction is involved. ‘It 
will be observed how carefully the writer has avoided discussing 
the mathematics of the author. He is familiar with the references 
listed. For pressure vessels, and particularly thick walls, we 
have the problem of the plus-plus-minus zone of the three-dimen- 


* Test values are taken from a paper, ‘Multilayer Construction of 
Thick Pressure Vessels,” Trans. AIChE, vol. 37, 1941, p. 889. 
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sional system. The compression value may be high and is cer- 
tainly equal to the pressure on the inner surface of the cylinder. 
This value is slowly reduced in a solid-wall vessel by a diminishing 
shearing-strers system until at the outer surface it is zero. 

The writer adheres to the maximum -energy theory in this dis- 
cussion. In the plus-plus-minus zone representing this theory, 
a relatively large compressive stress reduces the pressure at 
breakdown of a pressure vessel very materially. This has been 
thought of as contributing to the test values obtained in the five 
solid heavy-wall vessels referred to early in this discussion. 

Something should be said of the thick-laver vessels which also 
may be considered as being in the plus-plus-minus zone of the 
Why do they not act as the thick solid-wall ves- 

The writer does not know the complete answer, 


stress system. 
sels have acted? 
but it may be suggested that horizontal shear cannot be trans- 
mitted from one layer to the other, and therefore, each separate 
laver acts in a similar manner to that of a catenary of a suspen- 
sion bridge made of many wires. Suffice to sav that in five-layer 
vessels tested to destruction, each one has acted as if it were a 
two-dimensional problem within the plus-plus quadrant of the 
The facts, therefore, speak for themselves. 

The problem which applies to the casing of deep wells with 


stress system. 


steel tubes is one which involves the plus-minus zone of the two- 
dimensional system. These structures are relatively thin and 
therefore the pressure values for failure are relatively small. 
This problem has been brought to solution by experiment. The 
results follow very closely the maximum-energy idea. In this 
case the collapse stress at failure is always within the elastic 
range of the steel. 

We found in the layer-vessel tests, which are reported herein, 
and which are on cylinders about four diameters long, that if we 
applied a Poisson’s ratio'® of about 0.25, the Lamé formula also 
checked within a small value clear to the ultimate bursting pres- 
The engineer’s method 
for obtaining the values of yield and ultimate strength are used in 
these tests. Most theories for failure do not go to the ulti- 
mate strength of steel, but break off at the elastic or yield 
strengths, 
point. 

Since the author has referred to the distortion theory of Max- 
well-Heneky as applicable and since no experimental data are 
appended, it is to be hoped that some could be forthcoming to 
help the problem of the layer-vessel solution, or to contribute to 


sure if the maximum-energy idea is used. 


Very rarely in pressure vessels do we get failure at this 


the solution of pressure-vessel designs in general, 

A. G. Tuatuine.'"' Has the author ever encountered the fol- 
lowing situation? This primarily concerns itself, not with the 
usual conception of thermal stresses but with stresses created by 
the inability of a evlinder wall to equalize its temperature due to 
excessive internal temperature, creating high-temperature dif- 
ferential wall temperatures. These conditions create very high 
compression stresses on the internal fibers and high tensile stresses 
on external fibers. 

Is it possible, after the use mentioned, for the vessel upon cool- 
ing to diminish in diameter internally and externally? Calcu- 
lations of stresses due to temperature differentials indicate 
stresses beyond the elastic limits on the inside fibers, and with 
the material in a semiplastie condition. There could be a dim- 
inishing of inside diameters. Field observations indicate a slight 
diminishing of outside diameters, Do any of the author’s calcu- 
lations substantiate this condition and has he made any tests or 
field observations to indicate this condition as possible? 


Poisson's Ratio and a Suggestion for Its Use in Stress Analysis," 
Proceedings of the ASTM, vol. 24, 1924, p. 1012. 

1! Senior Research Engineer, Carbide and Carbon Chemicals Com- 
pany, South Charleston. West Va. Mem. ASME ; 


AutTuor’'s CLosuRE 


The theory presented in the paper does not necessarily apply 
when extensive vielding is involved, and the true stress pattern 
in the wall of a vessel approaching bursting is not sufficiently 
well known to allow a rigorous discussion of the subject. How- 
ever, the author will offer some comments to the interesting and 
appreciated discussion of Dr. MeLean Jasper. 

As pointed out in the discussion, Lamé’s formula appears to be 
able to predict, with sufficient accuracy, both the bursting and 
the initial vielding pressures of vessels of small wall ratios. The 
relations developed in the paper are based on the energy of dis- 
tortion-strength theory. However, for vessels of relatively small 
wall ratios, it will be shown that comparable values to those based 
on Lamé's formula can be obtained if the relations presented in 
the paper are used for predicting the bursting pressure. 

Lamé’s formula for the bursting pressure as proposed in the 
discussion is 


= 


in which F# is the radius ratio of the vessel and S the ultimate 
strength of the material. 

If we assume that Equation [31] of the paper is valid up to 
the bursting pressure, an average yield point situated between the 
yield strength and the ultimate strength must be introduced in 
order to take into account the effect of work-hardening. For sim- 
plicity the following formula is proposed 


2 
—--——— maR........ [45] 
V3 2 


since it is known that neither the yield strength oo nor the ulti- 
mate stress S alone will predict bursting with sufficient accuracy. 
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Fig. 11 of this closure shows that for vessels of small wall ratios 
and made of steel having a ratio of the yield strength to the ulti- 
mate strength situated between 0.5 and O.8, Relations [44] and 
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{45} will give almost identical results 
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TRANSAC” 


From the data of tests carried out with solid-wall cylinders!* 
it can be shown that whereas Equation [44] is not valid for wall 
ratios ranging from 2 to 3, Relation [45] can still be used for 
predicting the bursting pressure with sufficient accuracy. It is 
the belief of the author that the lower bursting pressure, observed 
by Dr. McLean Jasper, for thick solid-wall vessels might be at- 
tributed to the influence of the dimensional factor on the mode of 
yielding and to the yielding pattern which in a layer vessel, may 
be different from the one occurring in a solid-wall vessel.'4 

As shown in Table 3, herewith, Lamé’s formula used for pre- 
dicting initial yielding at the bore of a vessel of wall ratio larger 
than 1.17 gives corresponding internal pressures which are 
greater than those predicted by either the maximum-shear or 
the energy-of-distortion theories. 

It is interesting to note that Dr. McLean Jasper’s measurement 
of the pressure necessary to produce initial yielding at the bore of 
a layer vessel of wali ratio 1.37 is close to the value predicted by 
Lamé’s formula. 
wall ratios 2 to 3, however, reported in the references cited, agree 


Results of tests on heavy solid-wall cylinders of 


?“Influence of Residual Stress on Behavior of Thick-Wall Closed- 
End Cylinders,” by T. H. Faupel and A. R. Furbeck, contributed by 
the Industrial Instruments and Regulators Division and presented 
at the Seventh National Instrument Conference, Cleveland, Ohio, 
September 9-10, 1952, of Tue AMERICAN SocieTY OF MECHANICAL 
E.NGINEERS, 

"An Experimental Investigation of Over-Straining in Mild-Steel 
Thick-Walled Cylinders by Internal Fluid Pressure,"’ by M. C. Steele 
and John Young, Trans. ASME, vol. 74, 1952, pp. 355-363 
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TABLE 3 OF AS FOR PREDICTING 


IAL YIELDIN 


Vessel ratio 
1.17 1 2 
0.156 0 pad 0.600 
0.156 0.284 0.433 
0.135 0.246 0.375 


1.1 
0.095 
0.100 
0 086 


Lamé... 
Energy of distortion. p/ ao 
Maximum shear... .p/oo 


with either the maximum-shear or the energy-of-distortion theo- 
ries. This fact seems to indicate that a layer vessel starts yield- 
ing at a higher internal pressure than a solid-wall vessel. Before 
reaching a final conclusion on this point, further highly accurate 
tests on layer and solid-wall vessels are desirable since, owing to 
the complex mechanism of yielding, an accurate determination of 
the initial yield is difficult. 

Dr. Thailing’s question refers to a rather sharp temperature 
gradient across a heavy-wall cylinder. It is possible, under a 
great and rapid increase in temperature of the material adjacent 
to the bore, that yielding under compression occurs at the inner 
fibers, without appreciable plastic extension of the outer fibers. 
This yielding at the bore is made easier by the diminution of the 
yield strength with increasing temperature. During cooling of 
the vessel, a stress reversal will occur at the inner fibers which may 
then be at a sufficiently low temperature to resist complete rever- 
sal yielding. As a consequence, residual tensile stresses will ap- 
pear at the bore together with a reduction in diameter, There- 
fore the external fibers will be submitted to a compressive stress 
introducing a corresponding reduction of the external diameter. 
The author has never observed such phenomenon. 
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The Stresses in a Pressure Vessel With _ 


~ a Hemispherical Head 


ae By G. W. WATTS? anv H. A. LANG.? CHICAGO, ILL. 


This paper, the third of a series, presents the results of 4, As, Ae 
computations for determining the stresses in a pressure by, bs, be | 
vessel with a hemispherical head. The bending theory of @2,43| 
shells is used to evaluate the maximum stress at the junc- by, be, bs f influence numbers for heat =f 
tion bet ween head and shell. Tables show the magnitudes z, = location of maximum shear-stress ratio in cylinder — 
of the shear stress, the axial stress, and the circumferential z, = location of maximum axial-stress ratio in cylinder 
stress at the junction as multiples of pd/2t. The axial xz, = location of maximum circumferential-stress ratio in 
and circumferential stress have been computed for both eylinder 


surfaces. Additional results show the magnitude, sense, 
and location of the maximum stress (of each of the three 
types) in the shell. The largest value of the diameter- 
thickness ratio of the head for which computations were 
made is 40. When the diameter-thickness ratio of the 
head exceeds 40, well-known approximate theories can be 
used. The limit of 40 is imposed by the slow convergence 
of the hypergeometric series. Tables of influence numbers 
for both the head and shell are included for application to 
other problems. A brief discussion of the mathematical 


INTRODUCTION 


This is the third paper of a series which considers stresses in 
pressure vessels. It constitutes part of a continuing program 
initiated by the Design Division of the Pressure Vessel Research 
Committee of the Welding Research Council of the Engineering 
Foundation. This program, which consists of both analytical 
and experimental investigations, is intended to benefit engineers 
engaged in the design and manufacture of pressure vessels. 
age Two previous papers considered pressure vessels with flat and 
procedure is included. conical heads (1, 2).4 Each paper contained tables and curves 

for determining the maximum stress in a pressure vessel under 
NOMENCLATURE the specified end closure, 


The following nomenclature is used in the paper: : The elements of the theory (which are well known)® are not re- 
; peated here and the paper is limited to a description of the com- > 
p = internal pressure, lb per square inch putational procedure together with a discussion of the results. > 


Mo = bending moment per unit length of circumference The problem logically consists of two parts: (a) The shear force 
exerted by head on cylinder (positive sense is shown = QJ» and axial bending moment Mo at the head-cylinder junction, 


Fi in Fig. 1) Fig. 1, must be determined from the continuity of the radial dis- 
Qo = shear force per unit length of circumference exerted by — placement and rotation at the junction. (b) When these are 

head on cylinder (positive sense is shown in Fig. 1) known we may determine the shear, circumferential, and axial 

s = stress, psi stresses at the junction in the cylinder and in the head. The 


wo = radial displacement of cylinder at junction, positive ine © maximum stresses in the cylinder other than at the junction also 


ward can be found. Each stress is divided by pd/2t, the circumfer- 
E = modulus of elasticity, psi ential stress in a thin unrestrained cylinder under uniform pres- 
d = mean diameter of cylinder sure, to form the stress ratio denoted by 7. The values at the 
t = thickness of cylinder junction are distinguished from the cylinder maxima by subscripts 
7 = thickness of hemispherical head _ 
uw = Poisson's ratio (= 0.3 for steel) ‘Numbers in parentheses refer to the Bibliography at the end of 


the paper. 
’ The theory of shells is discussed in reference (3). A general 
a mathematical treatment of pressure vessels will be found in reference 
12(1 (4). 
(dt)? 
ao = BM, Qo 
I = stress ratio or stress divided by pd/2t 


69 = radial displacement of mid-plane of head at junction, 
positive out ward 


mad 


1 This work is part of a continuing program instituted in 1946 by 
the Design Division of the Pressure Vessel Research Committee of 
the Welding Research Council of the Engineering Foundation, New 
Yerk, N.Y. 

2 Director of Engineering, Standard Oil Company (Indiana). 
Fellow ASME. 

2 Formerly, Project Engineer, Engineering Research Department, 
Standard Oil Company (Indiana). Mem. ASME. 

Contributed by the Petroleum Division and presented at the 


Semi-Annual Meeting, Cincinnati, Ohio, June 15-19, 1952, of THe - 
AMERICAN Society OF MECHANICAL ENGINEERS. 6 8, 7 
Note: Statements and opinions advanced in papers are to be s - v 
understood as individual expressions of their authors and not those so -8, 
of the Society. Manuscript received at ASME Headquarters, Febru- 4) 
ary 29,1952. Paper No. 52 -SA-19 1) Convention ron Loaps anp DerorMations 
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j and m, respectively, The subscripts s, a, ¢, denote shear, 
axial, and circumferential, respectively. There are thus nine 
stress indexes, denoted by Jam) Lem and willbe 
clear from the context whether the last three of these refer to the 
shell or the head. 
junction have not been computed. 


The stresses in the head other than at the 


It expresses 
the results in smaller numbers and enables one to tell immediately 
whether a stress is greater or less than the hoop stress in a thin 
cylinder. It frequently is substantially linear when plotted 
against the diameter-thickness ratio d/t of the cylinder. By 
contrast, a curve of stress divided by pressure is more nearly 
parabolic 


The stress ratio J has two distinct advantages, 


CONCLUSIONS 


The analysis of maximum stress in a cylindrical pressure vessel 
with a hemispherical cap leads to the following general conclu- 
sions: 


1 The maximum circumferential stress in the cylinder (other 
than at the junction) is the greatest of the nine stresses computed, 

2 This stress decreases slightly as the ratio d/7' increases and 
increases slightly as the thickness ratio 7'/t increases. To three 
significant figures, the stress index has the value 1.03 for the range 
of calculations considered here. It is thus remarkably unaffected 
by changes in either of the geometric ratios d/T' and 7'/t. Thus, 
for thickness ratios ranging from 7'/t = 0.8 to 2.0, the curve of 
stress divided by pressure plotted as a function of the ratio d/t is 
very nearly a single straight line as shownin Fig.2, 


[ 


20 


Fic. 2. Maximum Strress-Pressure Ratio as a Function or d/t 

3 The location of the maximum stress approaches the junction 
as either ratio d/T7' or T'/t increases. 

4 The present results justify partially the procedure of Meiss- 
ner,® who neglected the bending moment and rotation at the junc- 
tion and determined the shear force by equating deflections. His 
result corresponds to a maximum circumferential stress of 1.032 
(pd/2t) at a location specified by Bz = 1.85. The average of the 
twenty-five calculations of this report is 1.033(pd/2t). There is 
less agreement in the location of this stress since the presence of 
the bending moment affects the location considerably. In terms 
of the quantity 8z, the location of the stress does not vary signifi- 


® Reference (3), p. 407. 
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cantly with an increase of the ratio d, 7 but it does increase with 
an increase of the ratio 7'/t. Thus, if 7'/t = 0.8, the average 
of five calculations is Bz = 1.758, while if 7'/t = 2.0, the average of 
five calculations is Bx = 2.2912. The average of the twenty-five 
calculations is Br = 2.00. 

5 Since the stress exceeds pd/2t by only 3 per cent, present 
methods of design based on the API-ASME code (or the ASME 
code) for unfired pressure vessels with hemispherical heads appear 
adequate. This conclusion should be reinforced by additional 
computations to determine the maximum stresses in the hemi- 
spherical cap, particularly when it is thinner than the cylindrical 
vesse]. 

6 All remaining stresses are smaller than pd/2t. The second 
largest stress is the circumferential stress in the cylinder at the 
junction when 7'/t is less than 2.0. As 7°/t approaches 2.0, this 
stress is overtaken by the axial stress in the cylinder at the june- 
tion. 

7 The influence numbers for a hemispherical cap are of ap- 
proximately the same order of magnitude as the influence num- 
bers for a conical head with an apex angle of 90 deg with the ex- 
ception of bs which vanishes. This may be seen by comparing 
Table 6 of this paper with Table 6 (reference 2). The vanishing 
of b; is a consequence of the fact that a hemisphere under interna! 
pressure does not rotate at its base (or at any other section). 
This fact, together with the absence of a discontinuity at the 
junction between the middle surfaces of the cap and cylinder, 
results in low values of stress. 

8 The extension of the radius of a hemispherical cap under 
pressure is (pd?/8Et)(1 — yw). The extension of the radius of 
cylinder is (pd?/8Et)(2 — yw). The two extensions can be made 
equal by selecting a thickness ratio T7/t = (1 — w)/(2 — pw) = 
7/17 = 0.4117 for steel. For this thickness ratio the pressure 
will produce no discontinuity in deflection or rotation at the junc- 
tion. Consequently there is no shear force or bending moment 
The only forces existing are the membrane forces. The greatest 
stress occurs in the hemispherical cap and is everywhere equal to 
(17/14)(pd/2t) = 1.2143(pd/2t). Thus, while it is possible to 
select a head thickuess that does not introduce any shear force or 
bending moment, the uniform stress in the cap is greater than the 
maximum stress computed for any of the cases in this paper 


ANALYSIS 


The upper half of Fig. 1 shows the loads acting upon a long 
cylindrical pressure vessel and upon its hemispherical cap. The 
loading consists of the uniform pressure p which produces a ra- 
dial expansion of the cylinder; a bending moment per unit 
length of circumference Mo, and a shear force per unit length of 
circumference Qo. The bending moment and shear force arise at 
the junction between the cylinder and the spherical cap because 
of the unequal expansions the pressure produces in these two 
elastic structures. The pressure tends also to stretch the vessel, 
creating axial forces which are readily determined from the equa- 
tion of axial equilibrium. The upper half of Fig. 1 also defines 
the positive sense of Mo and Qo. 

From the theory of the cylindrical shell’ the displacement wo, 


and the rotation 
aw 
dx 


at the junction of the cylinder can each be expressed in the dimen- 
sionless form 


7 Reference (3), p. 393. 
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ead fae WATTS, LANG—STRESSES IN PRESSURE VESSEL WITH HEMISPHERICAL HEAD S5 
_ 7 ET*wo' Mo Qo 7 order that J; and J; can be determined to 4 significant figures 
B*dtpd? +b pd? + be pd (2) The extension of the results by the present method to = 500 
i res would require 18M or other high-speed computing machines. 


where 


Sine cst TABLE 1 INFLUENCE NUMBERS FOR CYLINDER; = O8 
4 — = 
ae a/t a4 a5 a bs bg 
ae © (Bd) ; 3.20 - 0.1700 4.2298 - 1,3007 - 2.0812 - 0.3200 
8.00 -0.1700 -105745 ~- 2.0567 3.2906 0.3200 
16.00 - 0.1700 - 21.1491 - 2.9085 4.6537 - 0.3200 
17 24.00 - 0.1700 - 31,7236 - 3.5622 - 5.6996 - 0.3200 
= Bd 32.00 - 0.1700 - 42.2981 - 4.1133 - 6.5813 - 0.3200 
2t Yo. 
1" 7 J TABLE 2 INFLUENCE NUMBERS FOR CYLINDER; T/t = 1.0 
7 4 
= — Bd I 
{ a/t a4 as a bs bg 
be = 4.00 - 0.2125 - 6.6091 - 1.8178 - 3.6357 - 0.5000 
10.00 - 0.2125 - 16,5227 2.8743 - 5.7485 - 0.5000 
a 20.00 - 0.2125 - 33.0454 - 4.0648 - 8.1296 - 0.5000 
30.00 - 0.2125 - 49.5681 - 4.9784 - 9.9567 - 0.5000 
Bd = V 12(1 — wu?) Vd/t 40.00 - 0.2125 - 66.0908 - 5.7485 - 11.4970 - 0.5000 


The quantities ay, a, a6, bs, bs, and be are “influence numbers” 
which depend only on the ratios 7/t and d/T' which define the TABLE 3 INFLUENCE NUMBERS FOR CYLINDER; T/t © 1.2 
geometry of the pressure vessel. In the present calculations, yu _ 
= 0.3, T/t = 0.8, 1.0, 1.2, 1.6, and 2.0, while d/7’ = 4, 10, 20, 30, a/t a4 as a bs bg 

40. The computed values of influence numbers for the cylinder 


are listed in Tables 1 to 5 4.80 - 0.2550 - 9.5171 ~ 2.3896 - §.7351 - 0.7200 
12.00 -0.2550  - 23.7927 -3.7783 - 9.0679 0.7200 
The deflection and rotation at the junction in the spherical head —24.00 - 0.2550 - 47.5854 - 5.3433 - 12.8240 - 0.7200 
36.00 -0.2550 71.378) - 6.5442 - 15.7061 - 0.7200 
can each be expressed in a form similar to that for the cylinder 48.00 0.2550 95.1708 18.1359 0°7200 
ET bo M, Qo 
oe @ {2 j2 + a, 1 + a, Terre 
TABLE INFLUENCE NUMBERS FOR CYLINDER; T/t = 1.6 
ET%0’ Mo 
= by 4A a5 a6 bs b6 
B*dtpd? pd? pd 
6.40 - 0.3400 - 16.9193 - 3.6790 - 11.7730 1.2800 
F where the influence nu mbers for the sphere are— 16.00 - 0.3400 - 42.2981 - §,8171 - 18.6147 - 1.2800 
32.00 0.3400 - 64,5963 - 8.2266 ~ 26.3251 ~ 1.2800 
( a, = 48.00 - 0.3400 126.8944 - 10.0755 32.2416 1.2800 
64.00 - 0.3400 - 169.1926 ~ 11.6342 ~ 37.2294 - 1.2800 7 


me [ Jt + J? 

2 + me[Jidi + 

TABLE 5 INFLUENCE NUMBERS FOR CYLINDER; T/t = 2.0 


ay = 0.0875 
J 8.00 -0.4250 - 26.4363 - 5.1416 - 20.5665 2.0000 
2 | + malSidr + 20.00 - 0.4250 66.0908 8.1296 32.5185 2.0000 
40.00 -0,.4250 -132.1817 -11.4970 - 45.9881 2.0000 
60.00 -0.4250 - 196.2725 14.0809 56.3237 - 2.0000 
4 + 80.00 -0.4250 264.3634 16.2593  -65.0370 - 2,0000 
hy 0 wf 
TABLE 6 INFLUENCE NUMBERS FOR HEMISPHERICAL HEAD 
/ 9 2 4 r 
Vv 120 4/T ay ao ay by bs 
= * 4.00 + 6.9690 -1.8200 +0.0875 3.6608 +0,.5272 
— 1 == 10.00 +16.7131 2.8631 +0.0875 - 5.7319 +0,5058 
- wt 20.00 +33.2457 4.0574 +0.0875 - 8.1196  +0.5030 
ak 30.00 +49.7670 - 4.9729  +0.0875 9.9470 + 0.5020 
40.00 +66.2900 -5.7438 +0.0875 ~- 11.4886 +0.5015 


The influence numbers for the sphere are listed in Table 6. The 
quantities J;, J:, and their derivatives (J; and J») occur in 
the theory of the spherical shell. J, and J; are, respectively, the 
values at the junction of the real and imaginary parts of the 
hypergeometric function which results from this theory, 

The quantities J; and J; converge less rapidly as d/7' increases. 
For this reason the computations are limited to a maximum value 
of d/T = 40. This value requires the summation of 30 terms in 


Alternatively, it is possible to use several approximate theories 
for the head. No decision for the procedure to be used for large 
d/T has yet been reached, 

The lower half of Fig. 1 shows the positive senses of the deflec- 
tion and rotation at the junction in both the pressure-vessel body 
and the hemispherical cap. Continuity of deflections and rota- 


* Reference (3), pp. 458-462; and reference (4), pp. 60-65. tions require 


{ 
4 
| 
Bay Ps 
q 
4 
~ 
>? 
1 5 
? 
> 
- 
~ 
2 


wo = 


we’ = bo’ 


or in dimensionless form (setting = b = 


fo Qo 
pd? + od 


+ 


b, Mo b, M, 
pd* pd 
Equations [5] and [6] determine the two dimensionless ratios 
Qo/pd and Mo/pd*. These two ratios are listed in Table 7 and 
are plotted in Figs. 3 and 4. 

The stresses can be computed directly when the dimensionless 
ratios Mo/pd* and Qo/pd have been determined. It is desirable 
to introduce a dimensionless stress ratio 7, which is defined as the 
ratio of the stress of any type divided by pd/2t, the circumfer- 
This ratio, while not as 


pd? 


ential hoop stress in a thin cylinder. 


TABLE 7 


BENDING MOMENT RATIO Mo/pd?, AT JUNCTION 


Note: Multiply values in Table by 10~*. 


1.6 


+ 2.4564 
+1,0207 
+0.5119 
+ 0.3417 
+ 0.2564 


SHEAR FORCE RATIO, Qo/pd, AT JUNCTION 


1.0 1,2 1.6 2.0 


0.05841 

~ 0.03724 
- - 0.02633 
- 0.02150 
0.01862 


~ 0.05036 
- 9.03210 
- 0.02270 
0.01353 
0.01605 


0.03437 0,04029 
~ 0.02179 ~ 0.02562 
- 0.01539 0.01810 
~ 0.01256 - 0.01478 


- 0.01088 0.01280 


0.02730 
0.01721 
0.01214 
0.00991 

- 0.00858 


convenient for design purposes as the ratio of stress to pressure 
8/p, has the advantage that it is numerically smaller. This is a 
help in computational work, particularly when the diameter-thick- 
ness ratio d/tis large, 

It has been pointed out in previous reports that twelve values 
of the stress ratio 7 must be examined in order to determine 
which corresponds to the maximum stress, There are three 
shear, axial, and circumferential 
In addition, each 


types of stress which are 
denoted by the subscripts s, a, c, respectively. 
type of stress may be a maximum at any one of four locations 
There are two locations at the junction according to whether we 
refer to the head or to the cylinder. A subscript 7 is used to 
indicate this location. Whether the stress ratio / 
the head or in the cylinder will always be indicated in the tables. 
Maximum values of / may occur at one point other than the 
These are denoted by sub- 


is located in 


junction in either cylinder or head, 
scripts m and require an auxiliary calculation to specify the loca- 
tion completely. The combination of 3 types of stress at 4 
locations leads to a total of 12 stress ratios, / 

To simplify the examination of these, reference (5) contains 
equations for determining the maximum stress ratios in the eylin- 
der and their location. The necessary expressions pertaining to 
the cylinder are listed in Table 9 of this paper. 

Further mathematical, graphical, and computational work is 
necessary to establish the maximum stress ratio in the head. In 


the present series of reports, these three ratios have not been con- 
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hia. 3) Qo, pd asa Function or d/t ror T /t = 0.8, 1.0, 1.2, 1.6, 2.0 


 Mo/pd? asa Function or d/t vor T/t = 0.8, 1.0, 1.2, 1.6, 2.0 


sidered. By contrast, it is an easy matter to establish the three 


stress ratios in the head at the junction. In the present problem 
the shear force and bending moment are continuous across the 
junction. Furthermore, the center lines of the cylinder wall and 
spherical wall exhibit no discontinuity at the junction. This 
means that the circumferential force is continuous across the 
junction. Also, in both cylinder and head, the circumferential 
bending moment is uw (Poisson's ratio) times the axial bending 
moment. The conclusion to be drawn from these observations 
is that only the effect of a discontinuity in thickness at the junc- 
tion need be taken into account to deduce each of the three stress 
ratios in the head at the junction from the corresponding stress ra- 
tio in the cylinder at the junction. In addition, the maximum 
stress ratio of any type at the junction is greater in the thinner 
elastic member. 

The limitations of the analysis should be kept in mind. The 
elastic theories of cylindrical and spherical shells require that the 
shell thickness remain small compared to the diameter. When- 
ever d/T (or d/t) is less ‘han 10, the present results may fail to 
accurately predict the stresses in the pressure vessel. An addi- 
tional limitation is that the deflection of either part of the vessel 
should not be too great. A common requirement is that the 
deflection nowhere exceed half the shell thickness. 

The numerical results contained in the tables were determined 
by one computer. A second computer made an independent 
check. All results should be correct to at least four decimal 
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TABL = STRESS INDEXES IN A CYLINDRICAL te SSURE TABLE 10 ort IN ES IN A CYLINDRICAL <* ee RE 
ESSEL WITH HEMISPHERICAL HEAD, T/t = 0. VESS EL W TH A HEMISPHERIC AL HEAD, T/t = 12 


Cylinder at Junction Head at Junction me linder at Junction Head at Junction 
aft a/T Shear Axial Circum. Shear Axial Circum. aft 4a/T Shear Axial Circum. Shear Axial Circum. 
Igy ley lay ey lay ly 


3.20 4.00 +0,0819 +0.5378 +0.8130 - 0.1024 +0,6841 + 0.8568 4.80 4.00 + 0.1209 + 0.4524 +0.6910 - 0.1007 + 0.3836 
+ 0.4622 +0.7902 + 0.5659 + 0.8214 +0.5476 + 0.7196 0.6002 
8.00 10.00 +0.0516 +0.5340 +0.8144 - 0.0645 +0,6782 + 0.8576 10.00 + 0.0768 ~ 0.064 
+ 0.4660 + 0.7940 0.5718 + 0.6258 24.00 20.00 +0,0543 + 0.4460 +0.6911 - 0.0453 +0.3791 +0.6711 
16.00 20.00 +0.0364 +0.5334 +0.8150 0.0455 +0.6772 + 0.8582 0.5540 +0.7235 0.4542 + 0.6935 
+ 0.4666 + 0.7950 + 0.6208 36.00 30,00 +0,0443 .0.4457 +0.6912 - 0.0369 +0.3790 + 0.6712 
24.00 30.00 +0,0297 +0.5332 +0.8152 - 0.0372 +0.6769 + 0.8583 +0.5543 +0.7238 0.4543 + 0.6938 
+ 0.4668 + 0.7952 +0.5731 + 0.8271 
$2.00 40.00 +0.0257 +0.5331 +0.8152 0.0322 +0.6767 + 0.8583 
+ 0.4669 +0.7954 + 0.5733 + 0.8273 
— Location of Maxima 
Location of Maxima Maxima in Cylinder ___in Cylinder 
Maxima in Cylinder in Cylinder 4/t 4/T Shear Axial Circum. Shear Axial Circum. 
a/t Shear Axial Circum. Shear Axial Circum. x,/d x,/d 
Igm lm lem x,/d Xe/ d 
4.80 4.00 +0.0212 +0.6584 +1.0340 0.4166 0.2194 0.4886 
— — 12,00 10.00 +0.0132 +0.6561 +1.0335 0.2653 0.1406 0.3108 
+ 0.3439 + 1.0123 0.4692 
24.00 20.00 +0.0093 +0.6556 +1.0334 0.1878 0.0996 0.2199 
“a2 +0.3444 + 1.0123 0.3320 
16.00 20.00 + 0.0002 +0.6260 +1.0371 0.2031 0.0051 0.2438 36.00 30.00 +0.0076 +0.6555 +1.0334 0.1533 0.0813 0.1796 
0.3445 + 1.0123 0.2711 
24.00 30.00 + 0.0075 0.1688 0.0777 48.00 40.00 +0.0066 +0.6554 +1.0334 0.1328 0.0705 0.1556 
32.00 40.00 +0,0065 +0.6257 +1.0270 0.1437 0.0673 0.1716 1.0858 


+0.3743 +1.0099 0.2686 


TABLE 11 STRESS INDEXES IN A CYLINDRICAL PRESSURE : 
VESSEL WITH HEMISPHERICAL HEAD, 7/¢ = 1.6 a 
TABLE9 STRESS INDEXES IN A CYLINDRICAL PRESSURE 
VESSEL WITH HEMISPHERICAL HEAD, 77/t = 1.0 Cylinder at Junction Head at Junction val 
Isj taj tej Is Taj ley 6.40 4.00 +0.1511 +0.3114 +0.5841 - 0.0044 +0.2388 + 0.5624 

+ 0.6886 + 0.6973 + 0.3862 + 0.6066 
4.00 4.00 +0.1031 +0.5062 +0.7485 - 0.1031 +0.5062 +0.7485 16.00 10,00 +0.0963 +0.3040 +0,5824 0.0602 +0.2359 +0.5619 
+0.4938 +0.7449 +0.4938 + 0.7449 + 0.6960 + 0.7000 +0.3891 +0,6079 

10.00 10.00 +0.0654 +0.5013 +0.7492 - 0.0654 +0.5013 +0.7492 32.00 20.00 +0.0681 +0.3034 +0.5825 - 0.0426 +0,.2357 + 0.5622 
+0.4987 + 0.7484 + 0.4987 + 0.7484 + 0.6966 + 0.7005 + 0.3893 + 0.6082 
20.00 20.00 +0.0462 +0,5007 +0.7496 - 0.0462 +0.5007 + 0.7496 48.00 30.00 +0.0556 +0.3032 +0.5826 - 0.0347 +0.2356 +0.5623 
+0.4993 + 0.7492 +0.4993 + 0.7492 + 0.6968 + 0.7006 + 0.3894 + 0.6085 

30.00 30.00 +0.0377 +0.5005 +0.7497 - 0.0377 +0.5005 + 0.7497 64.00 40.00 +0,0481 +0.3031 +0.5826 - 0.0301 +0,.2356 +0.5623 
+ 0.4995 + 0.7495 + 0.4995 + 0.7495 +0.6969 + 0.7008 +0.3894 + 0.6085 
40.00 40.00 +0.0326 +0.5003 +0.7498 - 0.0326 +0.5003 +0.7498 , 
+0.4997 +0.7496 +0.4997 + 0.7496 


Location of Maxima 


Maxima in Cylinder in Cylinder 
Location of Maxima al Circum, Shear Axial Circum, 
Ism lam lem x,/ Be 
a/t a/T Shear Axial Circum. Shear Axial Circum. 
Ism lam lem afs 6.40 4.00 +0.0191 +0.6652 +1.0355 0.4027 0.2320 0.4651 
+ 0.3348 + 1.0131 0.6820 
4.00 4.00 +0.0220 +0.6503 +1.0323 0.4283 0.2123 0.6085 16.00 10.00 +0.0120 +0.6638 +1.0352 0.2562 0.1482 0.2956 
+0.3497 +1.0119 0.7817 +0.3362 +1.0130 0.4328 
10.00 10.00 +0.0137 +0.6475 +1.0317 0.2728 0.1361 0.3226 32.00 20.00 +0.0085 +0.6635 + 1.0351 0.1813 0.1049 «0.2092 
+0.3525 +1.0117 0.4962 + 0.3365 + 1.0129 0.3061 
20.00 20.00 +0.0096 +0.6469 +1.0315 0.1930 0.0964 0.2283 48.00 30.00 +0.0069 +0.6634 +1.0351 0.1480 0.0857 0.1708 7 
0.3531 +1.0116 0.3510 + 0.3366 + 1,0129 0.2500 
30.00 30.00 +0.0078 +0.6467 +1.0315 0.1577 0.0788 0.1864 64.00 40.00 +0.0060 +0.6633 +1.0351 0.1262 0.0742 0.1479 7 
+0.3533 + 1.0116 0.2866 +0.3367 + 1.0129 0.2165 
40.00 40.00 +0.0068 +0.6466 +1.0315 0.1366 0.0682 0.1615 
+ 0.3534 +1.0116 0.2483 
the shell and the metal temperature are known. Equation [7] 
' shows that the design is based entirely on the circumferential ; 
RELATION To Cope REQUIREMENTS (hoop) stress in a thin cylindrical vessel. ‘The allowable stress is } 7 
The 1943 API-ASME Code or the 1950 ASME Code for Un- sufficiently low to insure « safe design. 
fired Pressure Vessels determines the thickness of the cylindricai The present results show that the maximum stress in the pres- ; 
shell* from the equation sure-vessel body, when the shear force and the bending moment 7 
: at the joint are considered, is only 3 per cent greater than the 
pd pd [7] Stress obtained from Equation [7} 
8 2t ; The present calculations thus indicate that the code design e 


procedure for a cylindrical pressure vessel need not be modified 
when the closure is a hgmispherical cap. This conclusion applies 


even if the cap thickness differs considerably from the thickness 


where ro allowance for corrosion or joint efficiency is made. The 
allowable stress s is selected from a table when the material of 


* Reference (6), p. 13. 
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TABLE 12 STRESS INDEXES IN A CYLINDRICAL PRESSURE 
VESSEL WITH HEMISPHERICAL HEAD, 7/t = 2.0 


Cylinder at Junction 


Head at Junction 


Pa 


aft 4/T Shear Axial Circum. Shear Axial  Circum. 
Tay tay ley 
8.00 4.00 +0.1752 +0.1591 +0.4848 - 0.0876 +0.1646 + 0.4865 
+ 0.8409 +0.6894 +0.3352 +0.5377 
20.00 10.00 «0.1117 +0.1509 +0.4821 -0.0559 +0.1627 +0.4856 
+ 0.8491 +0.6915 +0.3373 +0,5380 
40.00 20.00 +0.0790 +9.1503 +0.4622 -0.0395 +0.1626 +0.4859 
+ 0.8497 +0.6920 +0.3374 +0.5383 
60.00 30.00 +0.0645 +0.1501 +0.4822 - 0.0323 +0.1625 +0.4860 
+0.8499 +0.6922 +0.3375 +0.5384 
_ 80.00 40.00 +0.0559 +0.1500 +0.4822 -0.0279 +0.1625 +0.4860 
+ 0.8500 + 0.6922 + 0.3375 + 0.5384 
> Location of Maxima 
Maxima In Cylinder in Cylinder 
1 aft 4/T Shear Axial Circum. Shear Axial Circum. 
Ism lam lem x,/4 x,/4 x,/d 
8.00 4.00 +0,0180 +0,6733 +1,0369 0.3885 0.2357 0.4442 
» + 0.3267 +1,0136 0.6383 
20.00 10,00 +0.0113 +0.6726 +1.0370 0.2468 0.1502 0.2821 
+0.3274 +¢1.0136 0.4046 
40.00 20.00 +0.0086 +0.6724 +1.0370 0.1746 0.1063 0.1995 
+0.3276 +1,.0137 0.2862 
4 60.00 30.00 +0.0065 +0.6723 +1.0370 0.1426 0.0868 0.1629 
+0.3277 +1,.0137 0.2338 
80.00 40.00 +0.0056 +0.6723 +1.0370 0.1235 0.0752 0.1411 
+0.3277 +1.0137 0.2024 
For hemispherical heads, the code design formula'® is 
od 
4S 47 


where no allowance for corrosion or joint efficiency is made, This 
equation represents the circumferential stress in a thin hemi- 
spherical head. A head made of the same material as the body of 
the pressure vessel need only be half as thick since for the same 
allowable stress, the ratio of thickness from Equations [7] and [8] 


+.) 


The present calculations extend only to a thickness ratio of 0.8. 
Furthermore, the maximum stress in the head probably does not 
occur at the junction with the vessel body. Approximate 
theories, developed for a spherical shell having a large ratio d/T, 
indicate that the rate of decrease of forces and bending moments 
is about as rapid as in a cylindrical shell. It is probable that 
when the hemispherical cap is thicker than the cylinder, the 
maximum stress in the cap will not exceed that in the cylindrical 
body since forces of the same magnitude and the same rate of de- 
crease will be distributed over the thicker section. The same 
argument indicates that the hemispherical cap has the greatest 
stress when it is thinner than the cylindrical body. Additional 
calculations are necessary to settle this point. 

The present calculations indicate that the shear force and bend- 
ing moment at the junction do not raise the stresses significantly. 
Consequently, the code design equation for the hemispherical cap 


probably leads to a reasonably safe design. 
Discussion oF ReEsutts 


Influence Numbers. Tables 1 to 5 show the influence numbers 
for the cylinder for various values of d/t. With the conventions 
shown in Fig. 1, all coefficients are negative since each of the load- 
ings (Mo, Qo, p) produces a negative deflection wy, and a positive 


ocr 


rotation wo’, at the junction. 
Table 6 contains the influence numbefs for the hemispherical 


© Reference (6), p. 17. 
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cap. Comparison of these numbers with their counterparts for 
the flat head*! and for the conical head with a semiapex angle of 
15 deg'? throws considerable light on the deformation of the head. 
When differences in notation are taken into account, each influ- 
ence number for a flat head is of opposite sign to that of the coni- 
cal head. Thus the effect of pressure, shear force, or bending 
moment on the flat head is to produce a deflection and rotation at 
the junction precisely opposite to the deflection and rotation 
produced in the 45-deg conical head by the same type of load. 
The hemispherical cap deforms in a manner similar to the 45-deg 
conical head since the signs of each of its influence numbers agree 
with its counterpart in the 45-deg conical head. This conclusion 
applies even when the semiapex angle is not 45 deg. The limita- 
tion to a 45-deg conical head is made only because it permits com- 
parisons of influence numbers at equal values of the diameter- 
thickness ratio, d/7’. 

The influence number a; is greater in the hemispherical cap 
than in the 45-deg conical head. This means that for the same 
diameter-thickness ratio and the same magnitude of bending 
moment Mo, the hemispherical cap has the greater deflection at 
Similar deductions can be drawn for the remaining 
These numbers thus 


the junction. 
five influence numbers a2, ay, be, and bs. 
enable us to determine which head is more sensitive to deflection 
or rotation at the junction under any of the three types of loads. 

Comparing each of the six influence numbers for d/T' = 4, 10, 
and 40 in Table 6 with its corresponding number for the 45-deg 
conical head indicates that both have approximately the same 
magnitude except for 6; which is zero in the hemispherical cap. 
This indicates that the principal differences between the stresses 
in these two heads depend on the fact that the hemispherical cap 
does not rotate when under internal! pressure only. 

The same effect should require a very small bending moment. 
Figs. 3 and 4 support this conclusion by showing that the ratio 
Mo/pd? is of the order '/, or less than the ratio Qo/pd. 

Stresses. The principal results obtained for the 9 stress ratios 
computed in Tables 8 to 13 are given in the conclusions. Table 
14 indicates the variation in all stress ratios as the two geometric 
ratios d/T and 7'/t increase. 


CONVENTION Usep IN TABLES 8 To 12 


While the problem of determining the magnitude of the maxi- 
mum stress has been primarily emphasized, Tables 8 to 12 include 
For each circumferential or axial 
stress, two figures are listed. The upper figure represents the 
value of the stress ratio at the external surface of the vessel. ‘The 
lower figure represents the value of the stress ratio at the internal 
The greater value of the two figures has 
been computed from the equations of Table 13. All axial and 
circumferential-stress ratios are positive and represent tensile 
stresses. 

The shear-stress ratio refers to a shear stress at the middle sur- 
face. The ratio Qo/pd is always negative. Consequently the 
shear-stress ratios at the junction are opposite to the direction of 
Qoin Fig. ! 
12, denoting that the shear stress is directed toward the axis. 
The negative sign of the ratio in the head indicates that the shear 
The maximum shear stress 


some additional calculations. 


surface of the vessel. 


For the cylinder, this ratio is positive in Tables 8 to 


stress is directed away from the axis, 

I,m is positive, denoting a shear stress and shear force directed 

toward the axis when material lies on the left in Fig. 1. 
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Maximum stress ratios in evlinder (other than ¢ I Jiscussion 


Shear T. McLean Jasrer.'* This paper gives a theoretical ap- 

~,* proach to a pressure-vessel problem which applies essentially to 

a totally elastic material, In steel, for instance, we have an 

+ 2ao + 2a? excellent material for the adjustments of slight imperfections in 

~ fabrication, providing we have the material mass available in 

approximately the right location. Steel used in pressure ves- 

sels, in general, has great ductility in comparison to its natural 

ld elastic strain so that it can make adjustments to slightly imper- 

= 5 + 3.4126 \ t Tom fect shapes or designs. That is why steel is a most useful ma- 
terial for fabricated structures 

Circuinferentia! It is doubtful if before this there has been a paper in which so 


Pp much sound thinking has been given to the theoretical details 


F of an elastic problem of this kind. We are fast approaching a 


d 
= 1 + 0.7326 
' condition in the use of materials where the elastic details are of 
Stress ratios in hemispherical head at junction: extreme importance because demands for high-strength ma- 
— = a”. terials at temperatures of 1500 to 2000 F are close to the engi- 
neer’s present requirements. In general, such materials are very 
brittle even at those high temperatures, 

This need also applies to pressure vessels of thick solid sec- 
tions in which adjustments are not accommodated so easily. 
The stress-caleulation system that the authors have used in- 
volves the simple formula for cylinders, The stresses due to 
internal pressure vary in a thick-wall high-pressure cylinder so 
that the difference between the inside and outside surface stresses 


+ 


a : T po OT outside surface of cylinders under pressure the maximum stress 
2 pd? 


on the outside surface should have the pressure value P added 
if the stress value on the inside is to be obtained. In the case of 


M, is equivalent to the pressure In strain measurements on the 
( pd? pd ) 


TABLE 14 VARIATIONS IN STRESS RATIOS AS d/T AND Ty/t 
INCREASE precompressed cylinder adjustments, knowing the value of pre- 
Number- compression will be required for the actual stresses in a cylinder. 

ing sys- Quan 7 constant d/t constant 
com Eoaition 416 a/T increasing T/t increasing In stress measurements at the junction between cylinder and 
1 Cylinder Is) Decreasing Increasing heads, strain gages are needed on both of the steel surfaces if a 
ies Cylinder Jo; Slight increase if T > ¢ Decreasing if T < ¢ check on this analysis is to be made. 
Slight decrease if 7 ¢ Increasing if T > 

3 Cylinder Ie; Slight increase Decreasing This paper should be appreciated greatly because it helps the 
Sphere I; Decreasing Increasing if T' < ¢ strain-measuring setup for obtaining test results. Our factors 
Decreasing .f 7 > 1 
of so-called safety should accommodate the designs and the 


Sphere la; Slight decrease if T S ¢ Decreasing 
t slight fabrication difficulties in steel. 


Slight increase if 7 > 
Sphere Te; Slight decrease Decreasing 
Cylinder Jem Decreasing increasing ArTHors’ CLOSURE 
Cylinder Jam Decreasing Increasing 
Cylinder Tem Slight decrease Slight increase The authors wish to thank Mr. Jasper for his discussion. He 
Cylinder za/d Decreasing Increasing points out that high local stresses in steel vessels are frequently 
relieved by plastic flow. Unfortunately, a designer cannot 
Note: Using numbering system of table, stress ratios may be arranged in always rely on ductility as insurance against the bad effects of 
descending order of magnitude for each value of ratio 7'/t, as follows: . ‘ : 
sharp corners and other stress raisers. Numerous failures have 
T/t occurred because of brittleness at low temperatures; and as Mr 


» 


Jasper points out, many steels also become brittle at high tempera- 


> 
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The three location ratios, arranged in order of decreasing distance from 
junction, are z- > ze > ra for all ratios T/:. SAO. Smith Corporation, Milwaukee, Wis. Mem. ASME 
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The authors believe that current design requirements will tend, 
in many cases, to reduce the available ductility. One frequently 
heard proposal is to take advantage of the higher yield strengths 
of low-alloy steels. It is well known that these higher yield 
strengths are inescapably linked to lower ductility values. The 
only other alternatives are higher working stresses or thicker 
walls. Although the problem of size effect is not yet entirely 
clarified, it is generally agreed that the thicker the plate, the 
greater the tendency toward brittle failures, because of welding 
difficulties, greater triaxial tensile stresses, greater temperature 
differences through the plate, and so on. 

One of the main purposes of the present paper is to point out 
the superiority of hemispherical heads, compared to flat or conical 
If stresses 


heads, as a means of avoiding high local stresses. 
, 


oe 
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throtighout a pressure vessel can be held at fairly uniform levels 
by using the best available shape, it is unnecessary to rely on 
ductility to relieve sore spots. 

Mr. Jasper also points out that the authors’ analysis is reasona- 
bly accurate only when applied to vessels with rather thin walls. 
Even so, it represents a considerable advance over present text- 
books in making the results of advanced mathematical analysis 
more available to engineering designers. Although a limited 
amount of elasticity theory exists fer thick-walled cylinders and 
spheres, it is not yet in a sufficiently manageable form to permit 
satisfaction of the boundary conditions at a sphere-cylinder 
junction. This problem may yield more easily to approximations 
of the iattice type, rather than the formal mathematics of elastic 
theory. 
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Flame Velocities 


ol 


One of the ideal theoretical devices for determining 
flame velocities is the constant-pressure adiabatic bomb. 
In practice this has been realized in the form of a soap 
bubble filled with a premixed gas-oxidant combination, 
centrally ignited by a spark, and observed by high-speed 
photography. 
certain restrictions, in that moisture content was not con- 
trollable, and that the film itself might have taken some 
part in the combustion reaction. 


However, the aqueous soap film imposed 


The present paper re- 
ports (a) on a search for a substitute material for the 
bomb, and (6) the development of a technique in which a 
very thin transparent rubber balloon was used. The new 
method was then used to determine flame velocities in 
carbon monoxide-oxygen mixtures saturated with water 
vapor. These velocities were found to increase with in- 
crease of initial mixture temperature. 


INTRODUCTION 


NOWLEDGE of flame velocities is important in the gen- 

| ( eral understanding of combustion phenomena. The burn- 

ing speed of a given fuel-oxidant combination is one of the 

basic parameters to be considered in the design of burners, 
flame tubes, furnaces, and combustion chambers. 

A distinction is to be made between the velocity of a flame 
front past a given fixed point, and that with relation to the un- 
burned gases just ahead of the front. In the first instance a ‘‘spa- 
tial velocity’’ is measured. When the burning speed is referred 
to the unburned gases ahead of the flame front the true ‘‘flame 
velocity’’ is found. In general, the experimental problem has 
been that of measuring a spatial velocity by one of severa] meth- 
ods, and then reducing this to a flame velocity by calculation. If 
one accepts flame velocity as a basic property of a given fuel-oxi- 
dant mixture under specified starting conditions of P-V-7', then 
the flame velocity should be the same regardless of the method of 
measurement. 

In the past, many variations on the Bunsen-cone method have 
been used. This type of measurement, stemming from the ori- 
ginal work of Guoy (1)* has been developed and extended by 
others (2) (3:35) (4), although differences in the interpretation 
of the test data have led to fairly wide variations in the reported 
values of the flame velocities. 

In simplest terms, the Bunsen-cone method involves the meas- 
urement of the surface area of the blue cone at the base of the 
flame, and the total rate of flow of gas and oxidant. Dividing the 
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Oxygen Mixtures 


second by the first gives a mean value of the flame speed. The 
cone-area measurement is done differently by the various inves- 
tigators in this field, and is the principal source of divergence 
among them. 

Burning velocities also may be determined from combustion in 
tubes (3:103). Here the flame travel is measured, the spatial 
velocity found, and the burning velocity is computed. The gas- 
oxidant mixture may be at rest or in motion at the time of ignition, 
although the interpretation is more complicated in the latter case. 
Experiments involving an appreciable length of travel of a flame 
are apt to yield results which are reproducible only in a given ap- 
In general, the flame tube is least used as a means of 
determining burning velocity. 

The constant-volume bomb (5, 6, 7, 8) affords another method 
for finding flame velocity. 
usually used. It is fitted with central ignition electrodes, and 
the progress of the flame is observed photographically. The ad- 
vantage of the constant-volume bomb technique lies in the fact 
that only a small volume of mixture is required; the disadvantage, 
the fact that the velocity and pressure of the unburned gases 
ahead of the flame front are unknown. 

The method of determining flame velocity that is least affected 
by details of experimental apparatus (9) is that found by photo- 
graphic observation of the travel of a flame front from a centrally 
ignited gas-oxidant mixture enclosed in a soap bubble. Such a 
method for containing the reaction constitutes a constant-pres- 
sure adiabatic bomb, and has found wide application in experi- 
mental studies (5:227) (6) (10, 11, 12, 13, 14, 15, 16, 17) (18:67). 
Observation of the combustion process has been effected by high- 
speed moving pictures, or by drum-camera techniques. The 
latter method offers the better research tool. Light enters the 
drum camera only through a narrow slit, so that the pattern left 
on the film is the locus of the diameter of the expanding spherical 
flame front. As a result, the diameter of the burning sphere can 
be found from the width of the V at a given time, which in turn is 
fixed by the linear speed of the film. 

The theory of the constant-pressure adiabatic bomb is quite 
simple, and the drum-camera photographs are interpreted readily. 
Let 


paratus. 


Here a spherical steel or giass vessel is 


speed of flame in space, relative to a fixed point (spatial 
velocity ) 
speed of flame relative to unburned gases (flame velocity ) 
density of unburned gases 
density of burned gases 
volumetric expansion ratio 
= initial bubble radius 
= final flame radius 
The spatial velocity S,, is found from the slope of the flame trace 
on the film. The mass of gas entering and leaving a given moving 
area of a combustion front per unit time is 


Pro 
Po 


SuPu Spo, Se 


And, as the process takes place at constant pressure mm 
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from which 


In the actual experiments, the process deviates from isobaric 
to a negligible degree, 
tic, as there is very little heat loss during rapid growth under 
Turbulence is eliminated effec- 


Also, the expansion is very nearly adiaba- 


conditions of radial symmetry. 
tively as a variable, and only small batches of the combustible 
mixture are required, All of the foregoing factors made the con- 
stant-pressure bomb the most promising of the available methods 
for measuring flame velocity. In practice, however, two serious 
drawbacks were discovered, It was not possible adequately to 
control the humidity of the mixture inside the soap bubble. Then 
too the soup film itself had an effeet on the combustible mixture, 
These 


two considerations placed such severe limitations on the method 


and in some cases may have taken part in the reaction. 


that it has been largely abandoned, 
PRESENT INVESTIGATION 


The research reported in this paper had the following objectives 
in view: 


(a) ‘To find « substitute material for the soap film which could 
perform the funetions of an isobaric adiabatic bomb. 

(b) To develop around this material a satisfactory experi- 
mental technique for flame-velocity determination. 

(c) ‘To explore the effects of moisture on varying mixtures of 
carbon monoxide and oxygen, 


The various substitute materials which were tried in the course 
of this investigation are listed in the Appendix, and the short- 
The material 
which finally proved successful was rubber, and very thin trans- 


comings of each material are given in Table 1, 
parent rubber balloons were used throughout this research, 


PABLE FLAMI 


Type of material 


VELOCTPIES IN MIXTURES 
Deficiencies 
Bar soap 9, 13,15, 16 
Detergent soap powder 9,15 
Plastic toy balloon 10,11 
Rubber toy balloon 

Cellophane bag 
Polyvinyl aleohol y 2, 
Polyvinyl acetate 10, 1k 
Plastisol 4,10, 18 
Latex rubber 4,18 


3 


= 


Some early experiments on soap-bubble bombs showed the im- 
portance of central ignition and pointed out the necessity for 
supporting the bomb in such a manner as to be centered in the 
field of the camera during the combustion process. In the case ot 
the rubber bombs, it was decided to support them on the elec- 
trodes, 

To assure purity, the CO was generated in the laboratory just 
To 
remove possible acid and CO, traces, the CO was bubbled through 

the mixture burette. 
The mixture of CO and 
O, was carefully proportioned in a burette, using water as the 
leveling agent. 

The gas was then introduced into a clean dry balloon which 
previously had been washed in distilled water to remove the 
In order to check the 


prior to use by the interaction of formic and sulphuric acids. 


potassium hydroxide before entering 


Commercially pure oxygen was used. 


powder in which it had been shipped. 
isobaric characteristics of the balloon a manometer was con- 
nected to it near the neck. The pressure was checked while the 


balloon diameter was increased from 3 in. to 8 in. and showed a 


variation of less than 2 in. of water. As the walls of the balloon 
had very small mass, and as the gas velocities just ahead of the 
flame front were small,* the pressure required for acceleration of 
the walls and unburned gases was considered to be negligibly 
Tests also showed that the flame front traveled at sub- 
stantially a the gases. 
All of the factors mentioned in the foregoing were considered 
to confirm the isobaric nature of the combustion process, 


small. 


constant velocity relative to burned 


The problem of piercing the walls of the balloon with the 
electrodes was solved by the use of aluminum sleeves °/s in. long, 
terminating in a thin flange of #/, in. diam. There was a clear- 
ance of 0.0005 in. between the inside diameter of the sleeve and 
the outside diameter of the electrode. Two such sleeves were 
coaxially attached to the balloon 180 deg apart, with cellulose 
The electrodes were sharpened lengths of '/j-in. drill 
With the sleeves taped in place it was possible to force the 


tape. 
rod, 
electrodes through the walls of the balloon without causing rup- 
ture of the whole structure. 

The balloon was carefully set in front of a black target as shown 
in Fig. 1, the friction between the sleeves and electrodes being 
sufficient to hold the balloon in place. In order to trace the 


Fic. 1 Reapy ror Firing 
(Note positions of electrodes and target.) 


progress of the balloon wall simultaneously with that of the 
luminous flame front, the outer walls of the balloon were illum- 
The fact that this 
wall trace on the moving film closely approximated a cubic curve 
further substantiated that the 
The balloon with target, lighting, and drum 


inated by reflected light as shown in Fig. 2. 


the contention combustion 
process Was isobaric. 
eamera is shown in Fig. 3. The ignition circuit was synchronized 
with the shutter on the dr-im camera. 

The temperature of the liboratery was varied from 35 F to 
92 F 


with water vapor at the temperature of the laboratory. 


The combustible mixture was assumed to be saturated 
The 
percentage of CO in the mixtures was varied from 30 to 90 per 
cent by volume. 1 


4 Of the order of 40 ips 
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VELOCITIES IN CARBON MONOXIDE-OXYGEN MIXTURES 


belioon (fing diam) 


bolloon (initio! diem.) shield 


GHT Parus Traces or DrumM-CamMera 


ING REI 


or Drum Camera, Target, aND REFLECTOR 


AND Discussion 
A sample drum-camera picture for 85 per cent CO mixture is 
The white lines parallel to the axis are the 
These appear 


shown in Fig. 4. 
traces of the original diameter of the balloon. 
because the shutter was opened for about one revolution just 
prior to firing. After combustion has been initiated the wall 
traces are seen to move outward, expanding at «a rate somewhat 
less than that of the flame front. Eventually, the flame traces 
overtook the wall traces and the spherical growth of both the 
flame front and balloon ceased. Thereafter, the flame front was 
in actual contact with the walls of the balloon tor a period of 
time. This was the rupture of the balloon 
These conclusions were also verified by high-speed motion pic- 
tures taken in an auxiliary study. 

Fig. 4 also shows a nonsymmetrical flame trace caused by igni- 
There is a measurable delay 


terminated by 


tion from off-center electrodes. 
between the dot marking the point of ignition and the establish- 
ment of the luminous flame trace. This indicates an absence of 
sufficient luminosity in the earliest: phase of the combustion 
process to show up on the film, 

Three ‘‘pathological’’ cases are shown in Figs. 5, 6, and 7, 
In Fig. 5 the balloon was larger than usual at the time of igni- 
tion. The wall traces are very well defined, but the balloon burst. 
before the flame front touched the walls. For this reason the 
final diameter cannot be fixed with certainty, and neither the 
expansion ratio nor the flame velocity can be determined. 

In Fig. 6 the traces of an tindersized balloon cre shown. In 
addition to the extended length of the time of contact of the 
flame and wall, some characteristics which render this run un- 
suitable are noted. The point of ignition was not exactly in the 
center of the sphere, and as a result the flame front tended toward 
the closer wall, extending it disproportionately. The balloon 


20 — time 


4 


trevel-inches 


Recorp or Ligur Traces on DauM-CamMera 


then swung in the opposite direction and executed complicated 
The black central line is the shadow of one of the 
electrodes. Its motion was caused by the motion of the balloon 

When the friction between the electrodes and the sleeves was 
too great, the top and bottom of the balloon could not expand as 
This caused the balloon to take on an ellip- 
This case is illus- 


oscillations. 


rapidly as the sides, 
soidal shape, having «a horizontal major axis, 
trated in Fig. 7. (The bright white horizontal line in Fig. 7 
is meaningless.) After the flame front reached the walls of the 
balloon, the whole mass drew itself into a more nearly spherical 
shape, causing the decrease in the width of the flame trace on the 
drum-camera film. 

In order to avoid these difficulties, it is necessary that care be 
taken (a) to blow the balloon to approximately the proper initial 
diameter (about 3 in. for balloons used here), (b) to center the elec- 
trode gap at the center of the spherical bomb, (c) to center the 
camera on the electrode gap, (d) to align the two electrode 
sleeves exactly coaxially, and (¢) to clean the electrode rods 
and sleeve bearings thoroughly 

After a number of successful runs, the data were collected and 
plotted. Fig. 8 shows the measured values of the expansion 
ratio EB, plotted against the percentage of CO in the combustible 
mixture. The test points are shown as cireles, and, in general, 
fall below the theoretical curve of Lewis and von Elbe (5).° 

The half-shaded points are test values of Fiock and Roeder (15) 
based on soap-bubble experiments. It is interesting to note that 
some of the latter experimental values exceed the theoretical 
Speculation suggests that the soap film took some part in the 
combustion process, either directly or in some catalytic manner 
The open circles. representing the results of this study, tend to 
confirm the theoretical curve in the range of higher CO concen 


5 Caleulated values including effects of dissociation, for CO-O, 
mixtures having an HsO mol fraction of 0.0269, and with initial gas 


conditions of 298 K, at 755mm Hg ae 2! 
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tration. Elsewhere the test points lie below the theoretical 
curve, suggesting either nonadiabatic performance or unstable 
chemical equilibrium. 

Because the moisture concentrations were controlled by the 
use of saturated gas at varying temperatures, it is impossible to 
separate the effects of moisture from those of initial temperature. 
The curves in Fig. 9 indicate that the spatial velocities increased 
with increase in moisture, but these vapor increases were accom- 
panied by higher initial temperatures, 

By using Equation [1] the flame velocities were computed. 
These are shown plotted in Fig. 10. In general, the flame veloci- 
ties reported here were slightly greater than those determined 
by Jahn by the Bunsen-cone method (5:463), but below those 
found from soap-bubble tests 

Fig. 11 shows some of the test curves of Jahn and is introduced 
for comparison purposes. Curves (a) and (6) contained 1.35 
per cent H,0; however, the upper curve shows the effeet of an 
additional 1.5 per cent hydrogen. The two lower curves (¢) 
and (d) were for CO-air mixtures, with the same additions of 


water and hydrogen. The marked increase in flame velocity 
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due to the presence of even a small quantity of hydrogen presents 
an interesting challenge and suggests a field for further investiga- 
tion. 


CONCLUSIONS 
In the range of variables explored in this investigation : 


1 A thin, transparent rubber balloon was found to be a satis- 
factory substitute for the soap film in the spherical constant- 
pressure bomb. 

2 A satisfactory technique was developed for handling, filling, 
supporting, igniting, and photographing the bombs made under 

3 A procedure was developed for interpreting the photo- 
graphic record obtained with the drum camera to yield the flame 
velocity relative to the burned tas, that relative to the unburned 
gas, and the ratio of expansion. 

1 Flame velocities in mixtures of carbon monoxide and oxygen 
increase with increase in the initial temperature of the moisture- 


saturated explosive mixture. It was not possible to determine 
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Fic. 10) Fatrep Vatues or Frame Vevocrry as A FUNCTION OF 
Per Cent CO ww Mixture anv Inirian Mixture TemMprrature 
(All mixtures saturated with water vapor.) 
— 
initial gos mixture | 


temperature } 
A 92 
69- 74 


35- 46 
| 


Burning Velocity, inches per sec 


inches per second. 


(a) CO plus 
(h) CO (with 1.5 per cent He) plus Oy 
(e) CO plus air 
d) CO (with 1.5 per cent Hy) plus air 


Velocity , 


ov HyproGen on Frame Vevociry in Cannon- 
Monoxtpr 
CO contained 1.35 per cent HO, Oy contained 1.5 per cent Ny.) 
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Appendix 


A material to substitute for the soap film in the isobaric adia- 
batic bomb would have to meet the following requirements: 


1 Easily formed into a spherical shape. 

2 Retention of spherical form during expansion, 

3 Able to withstand diametric increase without a measurable 


pressure rise, 
Transparency. 
Good optical reflectivity. 
Small refractive index 
Able to withstand necessary handling when blown. 
Capable of penetration of electrodes for central ignition. 


Nonaqueous in composition. > 

Freedom from volatile solvents. 

Either noncombustible or slow burning. 

Sufficiently high melting point. 

Chemical inertness. 

Substantial impermeability to gaseous interchange. 
Relatively high impermeability to passage of water vapor. 

16 Small gas absorptivity. 

17 Readily obtainable. 

1S Can be processed easily in laboratory. 

The materials given in Table 1 were found to be unsuitable for 
use in an isobaric bomb. Unsuitable qualities of each substance 
are listed under Deficiencies, the numbers referring to those in 
the foregoing. 
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-oes? By E. C. BAILEY,' H. C. SCHROEDER, 


Because of the uncertain life expectancy of austenitic- 
ferritic steel welds for joining the 2'/, per cent chromium, 
1 per cent molybdenum alloy-steel main steam piping to 
Type 347 stainless alloy stee! at the throttle valves of the 
turbines, two types of mechanical transition joints were 
installed in the Ridgeland Station of the Commonwealth 
Edison, Chicago, Il. 
the bellows-type were designed for operation on steam at 
1800 psig and 1050 F. 


factorily since the units were put in service. 


The joints, the pressure-seal and 


These joints have operated satis- 
The pressure- 
seal joints have been in service a total of 1 year and 5 
months and the bellows-type joints 1 year. 


INTRODUCTION 


ai Hk Commonwealth Edison Company started installing 

high-temperature high-pressure (925 F/1250 psig) units 

in 1935. For this size unit at Fisk Station and the follow- 
ing two installations at Northwest and Fisk Stations, the carbon- 
molybdenum alloy-steel steam-piping systems were metal-are- 
welded and flanged joints at the turbine were of the ring- 
joint type. No trouble has been experienced with the ring joints 
in the headers up to the present time; however, graphitization 
has taken place in the weld-contact zones of the piping and the 
The carbon-molybdenum steel piping has been 
2 


valve castings. 
replaced within the past 
‘4 per cent molybdenum alloy-steel material. 
used on the valve bonnets in these original installations leaked 


years with 1 per cent chromium, 
The ring joints 


aus a result of creep and thermal shock and were replaced with 
bellows-type gaskets, 

The next unit of the system went into service at Calumet 
Station in 1947. The piping system for this unit was completely 
welded, and it was of 1 per cent chromium, '/: per cent molybde- 
One 


pressure-seal joint and three bellows-type joints were installed in 


num steel, The turbine casings were also of ferritie alloy 
the turbine piping of this unit for a study of their performance 
under actual operating conditions. Experience to date has been 
very good, as none of the joints has leaked nor has it been nee- 
essary to restress the bolts. Visual inspection of the joints in the 
spring of 1952, while the unit was being overhauled, after 4 years 
and 9 months of operation, showed that all the machined surfaces 
in excellent 
flanged surfaces required only 


were condition. The bellows-type gaskets and 
superficial cleaning to remove 
magnetic-iron-oxide scale. The pressure-seal joint also required 

! Assistant to the Manager of Power Production, Commonwealth 
Edison Company. Mem. ASME. 

2? Partner, Sargent and Lundy, Engineers. Mem 

> Field Engineer, Engineering Division, Crane Co. 

Contributed by the Steam Power Panel of the Joint ASTM-ASME 
(ommittee on Jiffect of Temperature on the Properties of Metals and 
presented at the Semi-Annual Meeting, Cincinnati, Ohio, June 15-19, 
1952, of Tue AMERICAN SocieTy OF MecHanical ENGINEERS, 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, June 


25, 1952. 
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only superficial cleaning to remove magnetic-iron-oxide scale. 
A new gasket was installed in this joint upon reassembly, although 
the old gasket appeared to be in good condition, 

Authorization for the first unit at the new Ridgeland Station 
was for the use of 1800 psig and 1050 F steam conditions, The 
main steam piping for this unit, because of the size, pressure, and 
temperature, was forged and bored 2'/, per cent chromium, | per 
cent molybdenum steel tubing. The turbine manufacturer used 
18 per cent chromium, 8 per cent nickel, columbium-stabilized 
stainless steel for the high-temperature and high-pressure parts 
with the result that the terminal points on the throttle valves 
The life of 


austenitic-ferritic welds subjected to stress and temperature 


were austenitic material, uncertain expectancy 
fluctuations,‘ and the conflicting opinions as to the proper preheat 
and post-heat-treatment and welding-electrode compositions for 
these dissimilar welds required to make welds having satisfactory 
performance life, all combined to make the use of welded connee- 
tions at the throttle valves questionable. 

Based on our experience with flanged joints in the various 
stations, it was decided to investigate the suitability of several 
Tests 
were made on pressure-seal and bellows-type joints of the actual 
size required for the original installation. 
tests were very satisfactory, and it was decided to use pressure- 
2 at Ridgeland 


mechanical joints for joining these dissimilar materials, 
The results of these 


seal joints on the first unit, designated Unit 
Station.®* 


Description or Unir No. 2 
PIPING SysTeM 

Fig. 1 shows the high-pressure high-temperature steam-piping 
layout for this 150,000-kw unit, using 1800 psig, 1050 F steam. 
The pressure-seal joints between the 8.5-in-ID, 13.578-in-OD 
ferritic low-alloy forged and bored steel-tubing steam leads and 
the S.5-in-ID forged-steel 
nozzles on the throttle valves are subjected to resultant moments 
of only 230,100 in-lb and 208,500 in-Ib during operation 

Owing to the cold spring that had to be set up in the piping 


austenitic stainless 


system and the desirability of blowing it out prior to initial 
operation of the turbine, it was decided to make the final con- 
nection at the first weld upstream from the pressure-seal joints in 
the 10-in. nominal diameter steam leads. The austenitic halves 
of the joints were shop-welded to the throttle-valve nozzles by 
the Westinghouse Electric Corporation, manufacturer of the 
The ferritic halves of the joints were shop-welded to 
the ferritic, forged and bored, steam-lead closure sections by Crane 


turbine. 


Co., the piping fabricator. 
The entire steam-piping system, from the superheater-outlet 


* “Review of Thermal Fatigue and Thermal Shock,” by Helmut 
Thielsch, Welding Reasearch Council (to be published soon but availa- 
ble in draft form). 

“Performance Tests of Pressure-Seal Pipe Joints,” by I. 
Carlson and W. 8. Black, Valve World, vol. 44, April-May, 1947, pp 
34-44. 

* “Joints for High-Pressure High-Temperature Piping,” by I 
Carlson and W.38. Black, Trans ASME, vol. 73, 1941, pp. 287-246. 
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headers down through the manifold and the 14-in. and 10-in. — valves were hung in place and the interconnecting piping to the 
nomina] diameter sections of the steam leads to the first welds steam chests was erected and welded. The ferritic halves of 
upstream from the pressure-seal joints was erected, welded, and the joints with their welded sections were raised into place and the 
thoroughly blown out with low-pressure steam. The throttle joints were made up. 
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Fig. 2 shows the 10-in, nominal diameter pressure-seal joint at 
the east throttle valve of Unit 2 high-pressure turbine. The 
extension rods fitted into the ends of the bolt studs, the turbine- 
type nuts, and the strap around the joint, which is part of the leak 
detector device, can be seen, 


Description or Unrr No, 1 
SysTeM 

The authorization of Unit 1 at Ridgeland Station again brought 
up the subject of joining dissimilar metals in the high-pressure 
high-temperature steam piping. This unit, furnished by the 
General Electric Company, also uses steam at 1800 psig, 1050 F, 
and the steam-piping and stop-valve materials are the same as 
those previously described for Unit 2. Erection and welding of 
the steam-piping system was performed in the same sequence as 
was the case in Unit 2. However, instead of welded dissimilar- 
metal joints or “‘pressure-seal”’ dissimilar-metal joints, it was 
decided to use “bellows-type”’ dissimilar-metal flanged joints to 
attach the ferritic steam leads to the austenitic stop-valve-inlet 
nozzles. 

Fig. 3 shows the piping system and the joint details for this 
unit. These flanged joints adjacent to the turbine stop valves 
are subject to only 161,700 in-lb resultant moments when the 
unit is in operation. In the course of erection of this piping, the 
cold pull required and the necessity of blowing out the system 
thoroughly with wet steam before installing the closure pieces at 
the turbine stop valves made it desirable to install the closure 
pieces, make up the flanged joints, and make the final closure at 
the first weld upstream from the flanged joints. 

Fig. 4 shows the 10-in. nominal diameter, bellows-type joints 
at the stop valves of Unit | high-pressure turbine. The stop valves, 
the turbine-type nuts on the flanged joints, and the extension rods 
fitted in the end of the bolt studs can be seen, The leak-detector 
devices were installed after this view was taken, 
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ASSEMBLY OF JOINTS 


The methods of assembling the pressure-seal and the 
bellows-type joints were quite similar. 

All contacting surfaces of component parts of the transition 
joints were cleaned thoroughly just before assembly and the 
bolt threads and bottom of nuts lubricated with Crane high- 
temperature thread compound, The seal ring, bellows gasket, 
and other contacting surfaces were lubricated with a light oil 
upon assembly. In the assembly, care was taken to insure that 
the bolt studs were tightened evenly all around so that the flange 
faces were kept parallel. 

The bolt studs were tightened using slugging wrenches until 
elongation necessary for the desired stress was produced. Elonga- 
tion was measured, across center-punched ends of extension rods 
fitted into the ends of the bolt studs, by means of an extensometer 
equipped with a 1/1000-in, indicating dial. 

BoLTING 

Westinghouse K-42-B alloy steel, a chromium-nickel-cobalt 
alloy, was selected as the material for the bolt studs because of its 
satisfactory physical characteristics at high temperature and a 
coefficient of expansion slightly higher than that of the ferritic 
alloy-steel flanges. The nuts are “turbine type” of 2'/, per cent 
chromium, 1 per cent molybdenum alloy steel. 

In order to prevent the possibility of the bolt studs freezing in 
the tapped holes of the flanges, the threads were cut in accordance 
with American Standard B1.4 1945, Class 7 fit, which provides 
for a clearance between the pitch diameters of the stud and hole. 
Tests and experience have indicated that threads cut in this 
manner can be disassembled with ease, even after prolonged 
periods of service and numerous cycles of heating and cooling, 
providing that the proper thread compound is employed 
must be exercised at assembly to avoid bottoming the stud in 
the tapped hole or engaging the imperfect threads due to tap lead, 
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Pressure-Seal Joints. The bolting in the pressure-seal joints on 
Unit 2 was initially stressed to 20,000 psi, and after a period of 32 
hr at 860 F an opportunity arose to check the stress in the bolt 
studs. At this time the average residual stress was found to be 
14,000 psi, a loss of 6000 psi stress, which is about normal for this 
This loss 


‘coining’ of the soft-steel seal ring when 


type of joint after being made up and in service a while. 
is due primarily to the ‘ 
initially placed in service. 
20,000 psi and the joints placed back in service, 

In checking the relaxation, all.of the studs were measured for a 


The bolting was then restressed to 


check against the original stressed readings at the time the joints 
were assembled. Then four bolt studs 90 deg apart were loosened 
so that their free length could be measured to determine the 
The bolting was then restressed on the basis of 


Thread 


amount of creep. 
the average relaxation found in the four bolt. studs 
lubricant was not used at this time 

During the inspection and overhaul of this unit in April, 1952, 
the bolt stress was again checked, It was found that the residual 
stress in the bolt studs averaged 6200 psi. Also, measurement of 
the free length of the bolt studs revealed that no creep had 
occurred. When disassembling the bolt studs, once the nuts 
were broken loose, they could be unscrewed easily from the bolt 
studs by hand. The bolt studs also unscrewed easily and re- 
quired only hand power for breaking loose. All nuts and bolts 
were in excellent condition, with no evidence of galling. Further 
data will have to be obtained after additional time in service 
before any definite conclusions can be drawn, 

These pressure-seal joints which have been in service a total of 
1 year and 5 months, at 1800 psig 1050 F, have been tight at all 
times. 

Bellows-Type Joints. Because of the unavailability of K-42-B 
allov at the time Unit 1 was ready to go into operation, it was 
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necessary to employ temporarily Templex chromium-molyb- 
denum-vanadium alloy steel, Grade B14 ASTM A-193 bolt studs 
in the two bellows-type joints. In this interim period, the bolting 
was restressed once, The same procedure as for the pressure-seal 
joints was followed in checking for relaxation and restressing. 
Later, they were replaced with bolt studs of the K-42-B alloy. 
In replacing the Templex bolt studs with K-42B alloy, four bolts 
90 deg apart were removed at a time. Upon disassembly, it was 
noted that once the nuts were broken loose, they could be 
The bolt studs also un- 
screwed easily and required only hand power for breaking loose. 
All nuts and bolts were found to be in excellent condition, with no 
evidence of galling. 
each period of operation are given in Table 1. 


unscrewed from the bolt studs by hand. 
Average initial and residual stresses for 


PABLE 1 ASSEMBLY 
MAIN STEAM 


Bolting Description of assembly 
material -— conditions 
{Initial loading 
Residual after 432 hr at 
Bolt 1050 F ‘ 
stress,( Retightened after 432 hr 
psi at 1O50 F.. 
Residual after 1032 addi- 
| tional hr at 1050 F.. 
Initial bolt stress loading, psi 
Total number of hours in service at 
1800 psi 1050 F steam up to 
June, 1952 


DATA ON BELLOWS-TYPE JOINTS IN 


PIPING TO TURBINE OF UNIT 
West 
joint 


23100 


East 
joint 
Crane Templex 21700 
chromium- 
molybdenum- 
vanadium alloy 
steel Grade 

B14 ASTM A-193 


13500 10600 


21800 21800 


9700 
21000 


11100 


Westinghouse K-42-B 21400 


chromium-nickel- 
cobalt alloy 
7268 


The bellows-type joints on this unit have been in service at 
1800 psig, 1050 F, a total of 8700 hr, up to June 1, 1952, and have 
been tight at all times. 

\ comparison of stress data on the Templex steel bolt studs 
with relaxation test data on the material from the same heat is 
urves have been estimated for 


given in Fig. 5.) The relaxation 
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1025 F, average temperature of bolt studs as determined by ther- 
mocouples. 

It should be noted that the two methods of stressing the bolt 
material differ somewhat. With a flanged joint, the bolting is 
pulled up at room temperature and measurement of residual bolt 
stress is made after cooling to room temperature. In the relaxa- 
tion test, stress is applied to the test bar only after temperature 
equilibrium has been attained, and all measurements are made 
while the bar is at temperature. 

Relaxation data were obtained on a testing unit, Fig. 6, de- 
signed essentially to simulate conditions existing in the bolting 
of high-temperature flanged joints, The initially applied 
stress decreases as creep occurs in the test bar. However, the 
machine itself acts as an elastic flanged member and tends to pre- 
vent the load from falling off. The ratio of elasticity of the 
machine to that of the test bar is 5.6. The data for unity 
elasticity factor was obtained in a conventional-type creep-test 
unit by reducing the applied load from time to time, so as to 
maintain the initial strain in the test bar. 

*As indicated by the data in Fig. 5, good agreement was ob- 
tained between the bolt stud and relaxation-test data, providing 
that the ratios of elasticity of the machine and of the flanged 
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joint were about the same. These data indieate that at 1025 F 
temperature with Templex bolting material, the residual stresses 
would decrease to a relatively low value after more prolonged 
service exposure. Ina period of 10,000 hr (about 1 year), the 
residual stress may amount to no more than 6000 psi 


CONCLUSION 


This progress report indicates that both pressure-seal and 
bellows-type joints have given satisfactory service for a period of 
1] vear and 5 months and | year, respectively. 
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Relative Abrasiveness ot the Cast Surfaces 


of Various 


Point Tools 


By JOSEPH DATSKO! anv O. W. 


This study reveals that plain gray-iron castings made in 
sand molds have a very abrasive surface that results in a 
low tool life when machining the surface. This condi- 
tion can be eliminated almost completely by pickling the 
castings prior to machining. Annealing improves the ma- 
chinability of the casting, but it also results in a more pro- 
nounced ‘‘skin effect.’’ 
pickling treatment, the cutting speed for removing the 
surface was increased by 2530 per cent. 


By means of an annealing and 


have been compiled on many compositions of cast gray 

iron. Many studies have dealt with the effects of the vari- 
ous microstructures, such as pearlite, ferrite, and graphite. In 
most of these machinability tests, based on the cutting speed-tool 
life relationship, it has been customary to remove the 
with the outer '/,-in. to '/;-in. layer of material to make certain 
that the iron being tested was uniform and free from surface de- 
fects. Although these data make it possible for the metallurgical 
engineer to compare and select the various compositions of gray 
iron according to their relative ratings, it does not indicate to the 
production engineer, whose chief concern is the removal of the 
outer '/, in. of the casting, what the optimum or proper cutting 
speed should be for his particular conditions, 


| ) URING the past 50 years a great deal of machinability data 


cast surface 


The surface of any casting made in a sand mold has impreg- 
nated in it particles of sand, clay, oxides, and silicates as a result 
of the contact of the liquid iron with the surface of the mold cav- 
ity. 
that the skin of the casting is more detrimental to a cutting tool 
than the interior. Experience has shown that if a depth of cut of 
0.010 to 0.030 in. is used when removing the scale, the cutting 
tool fails very rapidly; if the casting is of the high-strength type, 
the tool will not cut at all. However, if a cut approximately 
'/, in. deep is taken, the surface can be removed. It is believed 
by many men engaged in the machining of castings that it is pos- 
sible to alleviate the detrimental effects of the skin upon the cut- 
ting tool simply by taking a deep cut. 

On the contrary, some preliminary work* showed that the in- 
terior of No, 1 gray-iron castings could be machined at a cutting 
speed 85 per cent higher than that used in removing the surface 


Ever since cast iron has been machined, it has been known 


' Instructor in Production Engineering, University of Michigan. 

? Professor of Mechanical and Production Engineering; Chair- 
man of Department of Production Engineering, University of Michi- 
gan. Fellow ASME. 

**Acid Pickle Doubles Tooi Life on CI," by Joseph Datsko, 
American Machinist, vol. 95, June 11, 1951, pp. 140-141. 

Contributed by the Production Engineering Division, Metal 
Cutting Data and Bibliography, and Cutting Fluids Rese: arch Com- 
mittees, and presented at the Semi-Annual Meeting, Cincinnati, 
Ohio, June 15-19, 1952, of Tue American SocteTy or MecHANICAL 
ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
March 10,1952. Paper No. 52—SA-17. 
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for the same tool life. Furthermore, it demonstrated that the 
machinability of a cast surface could be evaluated and that 
the detrimental effects could be overcome by a pickling process, 


Consequently, a more extensive study was undertaken. 
Test Procedure 


A study of this problem by means of photomicrographs dis- 
closes simply that there is a thin, decarburized layer beneath the 
oxide Therefore it was decided that it would 
be more convenient and beneficial to evaluate the relative abra- 


and silicate scale. 
siveness of the surface after subjecting it to various treatments 
such as tumbling, shot-blasting, pickling, annealing, and oxidizing. 

Castings. The castings used in this project had the following 
dimensions: 6 in. OD, 4in. ID, and 18 in. length. The cylinders 
were poured in a horizontal plane. To insure sound castings, 
four gates were provided to feed the castings and particular care 
was taken to keep the mold cavity as clean as possible of all loose 
sand, The metal contained 3.25 per cent total carbon and 2.28 
per cent silicon with a tensile strength of 36,000 psi and a hard- 
ness of 190 Bhn. 
0.12 per cent, 0.25 per cent, and 0.62 per cent, respectively, 


The sulphur, phosphorus, and manganese were 
The 
combined carbon varied from 0.56 per cent to 0.78 per cent. 
Castings were made both in molds coated with facing sand and 
also molds using floor sand throughout. 

The cutting tools used were of 
high-speed-steel type, #/s in. 


the 18-4-1 
They were finish-ground 
on the flank with « 60-grit wheel, and on the face with a 46-grit 
6, 6, 6, 15, */e (ASA desig- 
The surface quality was 4 microinches rms on the flank 


Cutting Tools. 
square 


wheel to the following shape: 8, 14, 
nation). 
and 19 0n the face as read on the profilometer. 

Cutting Conditions, All cutting was done dry on a heavy- 
duty 14-in. American “Pacemaker” engine lathe having a 15-hp 
Reliance variable-speed drive. To duplicate the commercial 
cutting practice as much as possible, a depth of cut of 0.100 in. 
and a feed of 0.00625 ipr were used, In determining the tool life, 
the tools were run to complete failure by allowing the flank abra- 
sion to develop sufficient heat between tool and work to cause 
the sudden breakdown of the tool as shown in Fig. 1. 

Cutting Forces 

It was desired to measure cutting forces under conditions ap- 
proaching as closely as possible those used in industry. This re- 
quired having the dynamometer of the same size and shape as 
the commercial toolholders and cf equivalent rigidity to elimi- 
nate the possibility of excessive vibrations and chatter. There- 
fore a two-component electric-resistance strain-gage dynamome- 
ter was made from an SAE 1040 steel, size 4/4 & 1'/, & 6 in. 
Four active gages were mounted near the top and bottom fiber 
axes enabling permanent force readings to be made on an oscillo- 
graph tape in the range of '/; to 1000 lb. Both the cutting, force 
F, and feeding force F; were measured on the castings. 

Effect of Hardness. In cutting a metal, it is clearly shown by a 
dynamometer of this type that the cutting force is not uniform, 
but that it regularly increases and decreases within two definite 
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In a is shown nature of failure when machining surface of as-cast castings. 
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Actual failure occurs 0.100 in. back of point while point itself is worn only a 


few thousandths of an inch, The too! failure when machining the interior is illustrated in 6.) 
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(Maxtmum and values are ated. Cutting was done dry 

a feed of 0.00625 ipr and cutting speed of 25 fpm with a tool shape of 8, 5 

6, 6,6, 15, Average force may be expressed as a function of as 

follows: 0.648 4+ 155 for 0.200in. depth; F © + 67 for 0.100in 
depth; and F O34B + 17 for 0.050 in. depth.) 


limits as indicated in Fig. 2. Apparently this is due to the na- 
ture of the chip formation which may be described as a series ot 
intermittent slippages of one part of the metal with respect to an 
adjacent area, 

Fig. 2 shows the nature of the relationship between the hard- 
ness of gray iron and the cutting force at each of three depths of 
cut. The cutting force increases more or less linearly with the 
Brinell hardness number from an average value of 218 |b for a 
hardness of 105 to 275 Ib for a hardness of 193. These values are 
for a 0.200-in, depth and a 0.006-ipr feed. By successively de- 
creasing the depth of cut by one half, the foree decreases by 
slightly more than 50 per cent. 

Effect of Feed and Depth. The manner in which the cutting 
force varies with the size of cut may be seen in Fig. 3 which typi- 
fies the results obtained on both the as-cast pearlitic material 
and the annealed ferritic material. These may be expressed by 
the equations Fy = 51,400 f° and Fp = 36,100 
for the as-cast and annealed irons, respectively. Thus it is 
evident from this figure that the cutting force is decreased by ap- 


As cast, 192 BHN 
——~—. Annealed, 112 BHN | 
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Fic. 3) or Feep anp Depru or Cur Urpon Cutting Force 


(Feed was constant at 0.00625 ipr when ev aluating effect de pth; de pth was 
constant at 0.100 in. when evaluating feed. Cutting speed was 25 fpm with 
tool shape of 8, 14, 6, 6, 6, 15, ein.) 


proximately 25 per cent for an average-size cut by annealing the 
pearlitic gray iron. However, no definite trend of the cutting 
forces was observed between the surface and the interior cuts. 


Corrine Sreep anp Lire 


The main emphasis of this investigation was on tool life, or 
more correctly, on the cutting speed for a constant tool life, since 
industry is interested in the cutting speed at which an operation 
ean be performed, as this necessarily influences the cost of the 
manufactured article. On the other hand, the cutting forces 
determine the power consumed, which is insignificant compr red 
to the cost of the labor. 

Heat No. 1-170 Bhn. Fig. 4 shows the results obtained in the 
turning of six test eylinders—-three tumbled castings, and three 
castings whose surfaces were pickled in hydrofluoric acid for 45 
min. It is readily apparent. that the machinability of the surface 
of a casting is noticeably inferior to the interior. That this sur- 
face is more abrasive than the interior is proved by the nature of 
the tool failure which is illustrated in Fig. 1. There it is seen 
that the tool failure when removing the surface with a 0.1 depth 
of cut occurs by flank wear at that part of the tool that contacts 
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(Composition of these irons is as follows: Total carbon, 3.45 per cent; gra- 
phitic carbon, 2.81 per cent; silicon, 2.94 per cent; sulphur, 0.12 per cent; 
phosphorus, 0.26 per cent; manganese, 0.58 per cent.) 


the thin skin with very little wear at the point or radius of the 
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tool. 


On the other hand, the tool failure when cutting the in- 
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(The average composition of these irons is: Total carbon, 3.28 per cent; 
graphitic carbon, as-cast, 2.60 per cent; graphitic carbon, annealed, 3.18 per 
cent; silicon, 2.28 per cent; sulphur, 0.12 per cent; phosphorus, 0.25 
percent; manganese, 0.62 percent. Lower hardnesses are result of anneal- 
ing. Curves designated as A and B each refer to same casting.) 


terior of the casting occurs at the point of the tool where the heat 
of the cutting operation is concentrated. 

For a comparison of the machinability of this iron, the data in 
Fig. 4 reveal that the cutting speed for «a 20-min tool life (re- 
ferred to as Vo) is 105 fpm for the tumbled surface, 173 fpm for 
the pickled surface, and 184 fpm for the interior of the casting. 
Thus it is apparent that the interior of a casting can be machined 
75 per cent faster than the abrasive surface, and that by means 
of an acid pickle the machinability of the as-cast surface may be 
increased by 65 per cent 

Heat No. 2—190 Bhn. Figs. 5 and 6 portray the machinability 
of No. 2 gray-iron castings after various annealing and pickling 
treatments and the velocities for 20-min tool life are summarized 
in Table 1. 


TABLE 1) CUTTING SPEEDS FOR A 20-MIN TOOL LIFE 


Velocity (fpm) 
for 20-min 


Increase, 
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(Composition of iron is the same as shown in Fig. 5. Oxidized surface is 
sand-free.) 


Cutting condition Bhn tool life ¥ 4 per cent 
As-cast surface 190 o4 ° Base 
As-cast, interior. 190 53.2 
Pickled surface. 187 135 ~ 43.7 
Annealed surface 105 160 7 61 
Annealed, oxidized interior. 121 =a} 190 102 
Annealed interior 121 287 208 4 
Annealed, pickled surface 116 a 310 230 
Annealed interior 105 pe, 340 315 


Fig. 5 shows that the surface of the No. 2 iron is about as abra- 
sive as that of the No. 1 iron previously discussed. Also, by 
means of an electrolytic’ pickle, the surface is made almost as 
machinable as the interior. Thus, for a 20-min tool life, the as- 
east surface can be machined at 94 fpm while the interior may be 
machined at 144 fpm, which is an increase of 53 per cent. How- 
ever, by pickling the surface, it may be machined at 135 fpm or 
44 per cent faster than the nonpickled surface. 

Since many companies anneal their castings before machining 
to improve their machinability, an important aspect of this proj- 
ect was to determine whether annealing removed the skin effect 
that is present in the unannealed castings. The curves desig- 
nated as A in Fig. 5 showed that the machinability of the casting 
is improved by annealing, but it also results in a more pronounced 
skin effect because the machinability of the interior is increased 
To illustrate, V2 is 
increased from 94 fpm for the as-cast surface to 160 fpm for the 


to a greater extent than that of the surface. 


annealed surface, and 390 fpm for the annealed interior. Thus 


* The electrolytic pickling was done by the Kolene Treating Com- 
pany, Detroit, Mich, 
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simply to identify castings. Interiors were not subjected to these treat 
ments prior to machining.) 


the muchinability of the surface is increased 61 per cent by an- 
nealing whereas the interiors can be machined 415 per cent faster. 

Naturally the next question to consider is whether pickling will 
improve the machinability of the annealed surface. Fig. 6 shows 
that by means of a 20-minute electrolytic pickle, the Voo is raised 
to 310 fpm, which is a 230 per cent increase over the as-cast con- 
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dition and a 95 per cent increase over the annealed, unpickled 
surface. In other words, by means of a pickling treatment, the 
cutting speed while machining the surface can be nearly doubled, 

To determine whether iron oxide without the presence of sand 
or silicates on the surface would result in a tool failure of the type 
shown in Fig. 1(@), a sand-free oxidized surface was obtained on a 
casting by first removing the outer '/, in. and then annealing the 
casting in an oxidizing atmosphere. The results of this test are 
shown in Figs. 5 and 6 by the curves designated with 121 Bhn. 
The fact that the oxidized surface is very abrasive can be readily 
discerned from these two figures. On the basis of Va, the 
interior of this casting can be machined 50 per cent faster than the 
oxidized surface. 

Fig. 7 illustrates the relative merits of shot-blasting and tum- 
bling compared to the as-cast surface. The reason for the spread 
in the lines indicating the machinability of the interiors is a slight 
difference in the microstructure of the castings, since they are 
identical in every other respect. It appears that shot-blasting 
and tumbling do not increase the machinability of the surface 
by any appreciable amount. 

Microstructures and Surface Conditions. Fig. 8(a) shows the 
microstructure of the interior of the as-cast iron consisting almost 
Although graphite flakes are present, 
they are not visible in this photomicrograph. The Vo for this mi- 
crostructure is 144 fpm with a hardness of 190 Bhn. In Fig. 8(b) 
is seen the microstructure of the interior of an annealed casting, 
which consists of ferrite, flake graphite, and less than 5 per cent 
pearlite. Hardness of this iron was 105 Bhn; the V2. was 290 fpm. 

In Fig. 9 (on the facing page) are photomicrographs revealing 
the nature of the surface condition of iron castings. Photo- 
micrographs (a) and (b) show the same area in the unetched and 


completely of pearlite. 
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Intention or Gray-Iron; 500 
Annealed iron is ferritic as in 6.) 


etched condition, respectively, of a tumbled casting. An idea of 
the surface roughness and minute defects that are present may 
be obtained from (a). Also, the lack of graphite flakes near the 
surface indicates a thin decarburized layer. From (6) it is seen 
that the surface consists mainly of pearlite with a small amount 
of ferrite. The fiake graphite, of course, is present. 

Photomicrographs (c) and (d) portray the same area on the 
surface of a shot-blasted casting. The microstructure is the same 
ws in (a) and (6). However, a marked improvement in the sur- 
face roughness is obtained by means of shot-blasting, which 
eliminates most of the sharp jagged peaks visible in photomicro- 
graph (a). 

CONCLUSIONS 

The scope of this project was to compare the relative abrasive- — 
ness of some gray-iron surfaces on high-speed-steel tools. As pre- 
viously noted, all tests were run at 0.100 in. depth and 0.00625 ipr 
feed with encouraging results. However, heavier cuts, especially 
feeds, may yield different results. In fact, some previous investi- 
gators’ have found in cutting iron, alloyed with nickel and 
chromium, that the surface was more machinable than the in- 
terior. This work was done on much larger castings with a 
0.050-in. depth and a 0.0255-ipr feed. 

The fact that a pickling treatment prior to machining is ad- 
vantageous is borne out by several manufacturing firms that in- 
stalled electrolytic pickling units to remove sand from internal 
cores of components of sealed-in hydraulic systems. It was found 
that their tool life was noticeably increased when machining 
these treated parts. 


5 “Metal Processing,”” by O. W. Boston, John Wiley & Sons, Inc., 
New York, N. Y., 1951, second edition, p. 159. 
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Fic. 9 ProromicroGrapus or Cast SuURFACES: 


(a, Unetched tumbled surface reveale rough decarburized surface. 
surface. 


Discussion 


J. A. Fater.£ We wish to commend the authors of this paper 
for their excellent observation of a subject generally ignored by 
metallurgists. Since a large percentage of production machining 
is the removal of the cast surface, an evaluation of the machina- 
bility of these surfaces is of genuine interest to production engi- 
neers. 

Our personal interest in this information is a result of the obser- 
vation of the operation of electroytic salt-bath processes installed 
for the removal of burned-in sand, scale, and so forth, from cast- 
ings used in hydraulic and lubrication systems. 


* Chief Engineer, Kolene Corporation, Detroit, Mich. Mem. 
ASME. 


6, Etched tumbled surface reveals pearlitic structure. 
Shot-blasting produces a smoother surface than turabling. 


(d) 


100 
Unetched shot-blasted 
d, Etched shot-blasted surface shows pearlite and ferrite.) 


It was observed at one plant, on an operation involving facing, 
boring, and chamfering stress-relieved gray-iron housings with 
single-point carbide tools, that there was approximately a 100 
per cent increase in tool life, with electrolytic salt cleaning of the 
surfaces over sandblasting. 

With brass and bronze, the removal of sand inclusions much 
more noticeably affects tool life. In one case an improvement 
of several hundred per cent was noted. 

It is apparent that much faster cutting speeds and Jonge: tool 
life can be obtained by the removal of scale, burned-in sand, and 
sand inclusions. This is especially noticeable in making forming 
cuts. On an experimental setup it was determined that a 
gray-iron cast surface that had been prepared in an electrolytic 
salt bath had only slightly more abrasiveness than the base metal 


? 
<u? 
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(as determined by tool wear). At the same time, the tool wear 
was less than one tenth that experienced with the same type of 
casting prepared by tumbling only. An even more pronounced 
difference has been shown to exist in a spot-facing operation. 

Preliminary estimates of one company show a possible tool 
saving of over $350,000.00 per year on machining three parts for 
one engine alone if the abrasiveness of the “as-cast” surfaces 
could be made to approach that of the base metal. 


D. H. Miss.’ In reply to this excellent paper the writer 
concurs heartily with the authors. His research experience is 
limited, however, to the heated sodium-hydroxide process of 
dissolving the sand from the surface of castings. Further ex- 
perience with tool life in machining high-alloy cast valves shows 
a parallel condition after making proper allowance for the more- 
difficult-to-machine alloy. 

Microscopic examination of castings showed that a minimum of 
shot blasting and tumbling prior to the sand-dissolving process 
is desirable because the tumbling and blasting can and do peen 


Manufacturing Research, Dearborn, 


ich. 


7 Ford Motor Company, 
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the metal right over some of the sand particles. This prevents 
the solution from contacting the impacted sand particles and they 
constitute an abrasive trapped in a softer matrix and are there- 
fore capable of making score lines on the tool bit which, in effect, 
is accelerated wear. 

Cleaning out the skin sand resulted in making these high-alloy 
castings machinable where previously grinding had been the only 
method of reducing them to usable dimensions. 


Autuors’ CLOSURE 


The authors very much appreciate the comments of Mr. 
Faler who gives additional evidence on the advantage of electro- 
lytic salt cleaning of cast surfaces. The results in general seem 
to confirm those based on the tests of the authors. 

Mr. Mills’ discussion is also appreciated as he gives the results 
of additional experience when machining high-alloy cast metals 
and compares shot blasting and tumbling and their value to the 
sand-dissolving processes. 

It is hoped that the results given in this paper may be of help 
to those concerned with the machining of cast metals where re- 
tained sand in the skin is objectionable. 
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Th ie S 


The theoretical analysis of heat flow in conjunction with 
cutting data in high-speed orthogonal metal-machining 
operations reveals that, for a given tool rake, the tempera- 
ture distribution along the shear plane is solely depend- 
ent on the thermal number, /’.4/4. An explanation is 
offered for the difference in chip curvature as the cutting 
conditions are changed. Further significance of the ther- 
mal number in metal machining is presented.  . 


NOMENCLATURE 


T 
The following nomenclature is used in the paper: 
6 
¢ = average specific heat of work material 
J = mechanical equivalent of heat 
k = thermal diffusivity of the work material = 
cp 
AK = average thermal conductivity of work material 
q = rate of heat liberation per unit area of shear plane 
r = distance 
Vet eo 
R, = thermal number = P 
“ S, = dynamic shear stress of work material 
t= thickness of “chip’’ before removal from workpiece 
= cutting velocity 
oa, y = co-ordinate axes fixed in space oe 


= tool rake 
fraction of heat generated at shear zone conducted 
back into workpiece 
= shear strain 


€ 
&,n = co-ordinate axes moving with heat source 
6,4, = variable and initial temperature of workpiece, respec- 
tively 
@ = shear angle ‘ 
p = weight density of work material ’ 
T,T’ = time 


INTRODUCTION 


The cutting of metals is invariably accompanied by the genera- 
tion of heat. Except for the small amount of latent energy 
stored in the deformed chip, and in the surface of the workpiece, 
all of the energy expended in cutting is converted into sensible 
heat which is distributed in the tool, chip, and workpiece. Pre- 
vious work (1, 2) has disclosed the intimate relationship which 


! Assistant Professor of Mechanical Engineering, University of Illi- 
nois. 

? Professor 
Mem. ASME. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Production Engineering Division, Metal Cut- 
ting Data and Bibliography, and Cutting Fluids Research Commit- 
tees, and presented at the Semi-Annual Meeting, Cincinnati, Ohio, 
June 15-19, 1952, of Tue American Society oF Enai- 
NEERS. 

Note: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, May 13, 
1952. Paper No. 52—SA-58. 
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ignificance of the Thermal Number 
in Metal Machining 


By B. T. CHAO! anv K. J. TRIGGER,* URBANA, ILI 


exists between the mechanism of chip formation and the tool- 
chip-interface temperature. This latter temperature also plays 
a very significant role in the life of a cutting tool. 

In metal-cutting operations where a type 2 chip is produced, 
heat is liberated essentially in two distinct regions, namely, (a) 
the shear zone, and (b) the tool-chip interface. The generation 
of the interface temperature due to rubbing of the heated chip on 
the tool face has been analyzed and approximate equations for its 
evaluation have been given (3). In that analysis, the tempera- 
ture of the chip as it left the shear zone was tacitly assumed to be 
uniform. In orthogonal cutting operations, the shear zone con- 
stitutes, essentially, an oblique band source of heat moving in the 
direction of the cutting velocity vector through the metal of the 
workpiece. The problem of the calculation of the temperature 
field in a solid due to moving sources of heat has been treated by 
Blok (4), Jaeger (5), Rosenthal (6), and others. 
interest involving plane sources of heat moving either parallel o1 


Special cases of 


perpendicular to the plane of the source have been studied and re- 
sults have been given by these investigators. Recently, Hahn (7) 
has extended the treatment to a particular two-dimensional case 
where the plane of the band source is inclined to its direction of 
motion in an infinite medium. The result of his analysis was ap- 
plied directly to the calculation of the temperature distribution 
in the work material along the shear plane in the metal-cutting 
process. While Hahn’s final expression for the “dimensionless 
temperature’? along the shear plane is correct for the case of an 
infinite solid, a slightly different derivation is given in succeeding 
paragraphs. The results so obtained are modified by the findings 
relating the shear angle (which is the angle of inclination of the 
band source to its direction of motion) to a dimensionless product, 
V.t/k, the thermal number. 


TEMPERATURE DistRIBUTION ALONG SuBAR PLANE IN Or- 
THOGONAL CUTTING OPERATIONS 


Referring to Fig. 1, the co-ordinate axes x and y are fixed in 
“space with the origin coincident with the mid-point of the shear 
zone at zero time when cutting starts. Terms £ and 9 are a mov- 
ing pair of axes traveling with the source. Three positions of the 
moving band source are shown at time tT = 0, 7’, and 7, respec- 
tively. Within the conventional speed and feed range for carbide 
tools, the process of heating due both to main chip shear and to 
rubbing at the tool-chip interface is quasi-stationary in nature (8). 
In other words, an observer located at the source fails to notice 
any change in the surrounding temperature distribution with 
The present objective is to find this quasi-sta- 
The 
first step consists of caiculating the temperature rise at any point 
P(£, n) due to the continuous heating of the moving source when 
the latter occupies the position B, i.e., 7 sec after heating starts 


respect to time. 
tionary temperature distribution along the sheat plane. 


The required expression for the quasi-stationary temperature can 
then be obtained by investigating the limiting case when 7 — « 

At any arbitrary instant 7'(7 > 7’ > 0), which corresponds to 
position A for the band source in Fig. 1, the temperature rise at P 
due to an instantancous line source of strength 


Bq dé’ dr’ 
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| 
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situated at point a of the band source, (7 — 7’) seconds later, is 


= 2 exp | — 
: cp(4rk) J r—r' 4k(r — 7’) 


The multiplying factor 2 in the foregoing expression is formulated 
on the basis that the temperature at any point in the workpiece 
(which is considered as a semi-infinite solid) will be twice as great 
as that in an infinite medium with identical strength of the heat 
source. This involves an approximation inasmuch as the tem- 
perature field in an infinite medium with an oblique band source is 
not symmetrical with respect to the trace 0-0, Fig. 1, in the direc- 
tion of ita motion. The relationship will be exact only if @ = 0. 
However, in the majority of cutting processes, @ generally will not 
be greater than 30 deg. This simplification is reasonable and 
justifiable since no exact solution is yet known. In deriving 
Equation [1], it is also necessary to ignore any heat loss from the 
bounding surfaces of the work material, and any variations of the 
physical properties of the metal, such as K, c, and p, with tem- 
perature are neglected. 
From the geometry of Fig. 1 it is evident that 


rt = (x — V,r' cos — + (y — sin @)?.... [2] 


fr cos ) 

and Ver win | 
Substituting Equations [2] and [3] into Equation [1], and simpli- 
fying, we get 


Bq — + 
xp — 


d=; 4k (r — 1’) 


r—r’ 


VAT — 


4k 


+ ((£ — £') cos + + 
The final temperature rise at P (£, 7) when the band source occu- 
pies position B can be obtained by integrating Equation [4] as 
follows 
4 This expression can be found in standard textbooks on Heat Con- 


duction, e.g., ‘Conduction of Heat in Solids,” by H. 8. Carslaw and 
J.C. Jaeger, Clarendon Press, Oxford, England, 1947, p. 218. 


HEAT SOURCE P(x y) 
when reterred 


to fued axes 


when referred 
to moving axes 


Movine Banp Source or Heat Due To Main SHear OnTHOGONAL Curtine Process 


4k(r—r') 
dr’ 
4k 


AG = 0 = 


By 
2rk 


£') cos @ 4+ nsin @| + 


For quasi-stationary state, we let r — ©, and since 


dz 
Kom) = = exp (mee + ) 
0 z ‘2 


where Ko is the modified Bessel function of the second kind of zero 
order Equation [5] can be simplified to 


ew ob ((& — £’) cos @ + 


Inasmuch as the temperature distribution in the shear plane is 
of prime interest in this analysis, let 7 = 0 in Equation [7] and ob- 


tain 
= — &') cos oi 


= Ba 
| 


Introducing the dimensionless quantities mae 


2 Bq E+L 


Equation [8| becomes 


= 
or 
* See “Bessel Functions,” by A. Gray and G. B. Mathews, Mac- 
millan and Company, London, England, 1922, p. 51. 
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j 4 
| | 
ez 
= 
Fie. 2 Vatves or Derinite INTEGRAL I(p) sy Equation (10) 
l ! ? 
a T = + + } | 
Kp) = f, e u cos K(| ul) du. {10} 
The two definite Integrals [10] and [11] have been evaluated as 
numerically for values of shear angle @ = 10°, 15°, 20°, 25°, and z wena cai { | 
30°. The results are presented graphically in Figs. 2 and 3, and ai CT f ; * 
can be used directly in Equations [9] and [13] for the calculation 
The left-hand side of Equation [9] contains the quantity q i ttt * 
which is the rate of heat liberation per unit area of the shear | 
plane. Referring to Fig. 1, if the feed (the thickness of the “un- | i | 
chip) is t, the width of the shear plane 21, will be ¢/sin @. 
Only a fraction 8, of this heat will be transferred back into the gE: 
workpiece by conduction. For orthogonal cutting, this fraction ee whos —+— ++ 
If Equation [12] and the relationship € = cot + tan (@ — a) BE 
are substituted into Equation [9], it becomes 
2 S, cos @ + sing tana | le 


-120 100 80 -60 -40 -20 
J 
L + 1 —I\L {13} 
l l Fic. 3) Vacues or Derinire 1(—p) sy Equation [11] 


: All the previous equations are dimensionally compatible and 
) they are applicable when any consistent system of units of 
k 4sind 4sin measurement is employed. However, in most metal-cutting lit- 


4 
@ 
where 


10 / Legend | 
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a 0 0098 | | 
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erature, S, is usually given in psi, J in ft-lb/Btu, ¢ in Btu/lb-deg 
F, pin pef, and @in deg F. If this “‘mixed’”’ system is used, Equa- MAO = {14] 
8.5 
S, cos @ + in @ tan cpJ 


It has been demonstrated that in commercial high-speed metal- 
cutting operations, the dynamic flow stress of the material S, 
can be regarded as a constant except as modified by the size ef- 
fect at very small feeds (2). It also has been found that with a 
given tool rake, the shear angle @ is uniquely determined by the 
thermal number. Fig. 4 shows a plot of the experimental data ob- 
tained when cutting spheroidized SAF 52100 steel with a triple- 
carbide tool of negative 2-deg rake angle. Results using a posi- 
tive 10-deg rake tool are given in Fig. 5. In the latter ease it is 


2 Work Material SAE 52100, i867 BHN 
Tool! Moterial Triple Carbide 

Shape: O-neg2-7-7-8-0-3 
Depth of Cut: 0.102 in 


ai o | 
0 0049 | 
j 5 o 00025 L } 
oO 10 20 30 40 50 60 70 80 
Thermal Number Ry 
Fic. 4 Revationsuie Between Swear ANGLE AND ‘THERMAL 
NuMBER AT A Fixep Toot Rake ORTHOGONAL CUTTING 
°° 
©20 _ = 
Work Moteriat: SAE 52100, 187 BN 
Tool Material: Triple Corbide 
op 
215 Tool Shape: O-10-7-7-8-0-3 
= Depth of Cut: 0.102 in. 
© 10 
Legend 
= Same as Fig.4 
5 
oO 10 20 30 40 50 60 70 80 
Thermal Number Ry 
Fic. 5 Revationsnie Between Suear ANGLe AND THenmat 


Number At a Fixep Toot Rake IN ORTHOGONAL CUTTING 


seen that some seattering does occur at the smallest feed em- 
ployed. In general, however, the correlation is very satisfactory 
The thermal diffusivity of SA! 
has been found to be 1.03 sq in. per min.® 

With these experimentally determined facts, Equation [13] can 
be written in the following form 


) 62100 steel at room temperature 


From data in the ‘Metals Handbook,”’ ASM, Cleveland, Ohio 


1948 edition. 


an invariant with respect to the cutting variables V,, ¢, and a. 
Term wy designates a possible functional relationship. This 
shows that at a given location on the shear plane, the tempera- 
ture rise above initial temperature depends on the thermal num- 
ber. In other words, the temperature distribution along the 
shear plane is governed entirely by this dimensionless number 
under the ideal conditions. 

The fraction 8 is, unfortunately, not quantitatively known at 
present. In conventional turning operations, it will vary with 
cutting speed, feed, ratio of the size of cut to the diameter of the 
workpiece, and soon, Its analytical evaluation is extremely dif- 
ficult owing to the fact that a part of the heat which flows into 
the workpiece by conduction will be present in the chip removed 
in the succeeding revolution. For orthogonal cutting, this frac- 
tion depends on the thermal number—the larger the number, 
tne smaller the proportion of hezt to the workpiece. 
that the proportion of the heat at the shear zone, which goes into 
the workpiece will become less and less with an increase in the 
cutting speed, or feed, or both. 

In machining operations employing sintered-carbide tools and 
operating at relatively high cutting speeds, the change in £8 is 
Schmidt and Roubik (10) have reported 
that in the case of drilling, the heat going into the workpiece con- 
stitutes about 10 per cent of the total heat generated in cutting at 
speeds higher than 100 sfpm and a feed of 0.0091 ipr. However, 
because of the lack of quantitative data for single-point turning re- 
lating 8 to R,, Equation [14] is modified slightly when the effect 
of cutting speed and feed on the temperature distribution along 
the shear plane is sought. Thus 


MAO 
8 = 


No generality will be lost, if one bears in mind that § is itself a 
function of R,. Figs. 6 and 7 illustrate how the cutting speed and 
feed affect the shear-plane temperature distribution in terms of 
the thermal number. These curves are calculated from Mquation 
[13] with the aid of Figs. 2 and 3 for the value of the definite in- 
tegral J, and Figs. 4 and 5 for the 
various thermal numbers. Cutting data were obtained by dry- 
turning spheroidized SAE 52100 steel (187 Bhn) using wide 
ranges of speeds and feeds and tool rakes of positive 10 deg and 
-in-OD tubing 
having a wall thickness of ®/, in. and approximately 30 in, long 


This means 


usually not very great. 


{l4a} 


appropriate shear angles 


negative 2 deg. The test logs consisted of 5! 


Details of test procedure have been reported earlier (2). 

It is seen from Figs. 6 and 7 that cutting at high speeds and 
large feeds will result in a large shear angle and a much more uni- 
form temperature distribution on the shear plane (tool rake is un- 
changed). This phenomenon is directly opposite to the case when 
a plane slider moves on the surface of a semi-infinite solid and 
generates heat by frictional rubbing (5). In this latter case the 
temperature distribution becomes less uniform, with maximum 
shifts toward the trailing edge of the moving source as the ve- 
locity of sliding is gradually increased, The explanation lies in the 
obliquity of the source in the cutting process. With the plane 
slider, the temperature is higher toward the trailing edge due to 
the “cumulative” heating effect as the source moves. The 
higher the velocity the less will be the chance for the heat to be 
diffused away, and thus the stronger will be the cumulative 
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Work material: SAE 52100, 187 Bhn 
Tool material: Triple carbide 
Depth of cut: 0. 162 in. 
Tool rake Negative 2 deg 
Fie. 6 Evrect or Tuermat Numper on Temperature 
TION ALONG SHEAR PLANE 


heating effect. However, when the plane of the source is in- 
clined to its direction of motion, such a cumulative effect will 
The higher 
the speed, the shallower will be the depth of temperature penetra- 


practically vanish, especially when the speed is high. 


tion in a direction perpendicular to the plane of the source (5) 
This may be what Hahn referred to as “quenching effect’”’ in his 
discussion of a paper by the authors (2). With an excessive nega- 
tive-rake tool (where @ is usually small) cutting at relatively 
slow speeds, the foregoing phenomenon of the effect of thermal 
number on the shear-plane temperature distribution ultimately 
might reverse itself. It is doubtful, however, whether such an 
extreme case would be met in practice. 

The theoretical finding of the effect of the thermal number on 
the shear-plane temperature distribution may serve as a clue 
to explain the change in curvature of type 2 chips as cutting speed 
or feed is varied. At relatively low cutting speed, the nonuni- 
formity of temperature distribution will result in a greater dif- 
ferential volumetric expansion of the material at the back of the 
chip. Consequently, the chip produced will be of larger curva- 
ture than it would with a more uniform temperature distribution. 
It is recognized that bending of the chip due to normal pressure 
on the tool face, heating effects due to interface rubbing, and so 
forth, are other possible factors influencing the degree of chip cur! 

The significance of the thermal number in metal-machining op- 
erations has been reported earlier (2, 9). 
the fact that there exists also a functional relationship between 
this number and the energy expended in cutting per unit volume 
of metal removed. This latter quantity has often been used to 
designate the efficiency of a machining operation. It is seen from 
Figs. 8 and 9 that the specific work done in metal removal de- 


Of practical interest is 
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creases as either cutting speed or feed or both are increased. The 
decrease is rather rapid at small thermal numbers but gradually 
approaches a limit at large values of R,. As is to be expected, at 
equal cutting speeds and feeds, the positive 10-deg-rake tool 
vields a higher efficiency, i.e., lower energy/unit volume of metal 
removed, than the negative 2-deg-rake tool. From a practical 
standpoint this greater efficiency may be offset in certain machin- 
ing operations by the reduced mechanical strength and thermal 
capacity of the tool edge. 

It appears that a better understanding of metal-cutting proc- 
esses is possible when the full significance of the thermal number is 
appreciated, The correlation of the various observed “shear- 
zone’’ phenomena with the thermal number is very satisfactory, as 
shown in the foregoing sections of this discussion and in a previous 
paper (2), 

The same degree of correlation does not exist between the 
thermal number and the tool-chip friction behavior. A previous 
analysis (3) has indicated that there is no mathematical relation- 
ship between the friction phenomena and the thermal number per 
se. The lack of correlation is thought to be due to changes in 
friction behavior as influenced by temperature and in the tempera- 
ture-dependent properties of the chip material with steep tem- 
perature gradient. The tool-chip-interfaee temperature is in- 
fluenced to a marked degree by the tool-chip friction aspects as 
reported earlier (2) and such frictional behavior is not solely de- 
pendent upon the thermal number. This is also evident from 
Fig. 10 in which two families of curves are shown for the separate 
effect of speed and feed." 


’ The thermal number in Fig. 10 is calculated with thermal dif- 
fusivity of the chip material at chip-bulk temperature. 
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From the standpoint of specific-energy requirements and rate 
of metal removal a high thermal number is desirable. However, 
it is necessary from a practical viewpoint to take into considera- 
tion the effect of an increase in speed and /or feed on the tool-chip- 
interface temperature—-one of the important factors in the tool 
life of a given tool-work pair. Schallbroch, Schaumann, and 
Wallichs (11) have found that the tool life varies inversely as ap- 
proximately the 20th power of the tool-chip-interface tempera- 
K expressed tool life 


tures. Their empirical relationship, 7't" 
7 in minutes, and temperature ¢ in degrees Centigrade for high- 
speed-steel tools cutting chromium-molybdenum steel. While it 
is quite likely that the exponent is lower for carbide tools, still, 
relatively small changes in interface temperature will have a pro- 
found effect on tool life. 
effect of speed and feed changes on the tool-chip-interface tem- 


Therefore it is necessary to consider the 


perature, 

Previous studies (1, 2, 3, 8) have shown that the tool-chip-in- 
terface temperature (type 2 chip) increases with cutting speed in 
accord with the relationship 7) = CV". Similarly, at least over 


the range investigated in this paper, an increase in feed increases 
the interface temperature in a manner expressible as 7) = C’rm 
(12). Tt ean be deduced from Fig. 10 that the exponents m and 
n are not identical; i.e., the tool-chip-interface temperature is not 
solely dependent on the thermal number. An increase in speed 
and/or feed (in the usual range) increases the tool-chip-interface 
temperature and as a consequence reduces the ability of the tool to 
withstand the abrasive action of the chip, thereby shortening tool 
life. 

An increase in the speed and /or feed decreases the proportion 
of the interface heat which is conducted into the tool. The 
quantity of heat to the tool per unit time remains nearly constant 
with an increase in cutting speed from 200 to 600 sfpm. The in- 
crease in tool-chip-interface temperature in this speed range re- 
sults from the fact that the heat is concentrated on less tool area. 
The same general type of behavior obtains with increase in feed, 
i.e., While the proportion of interface heat to the tool decreases, 
the concentration on the tool face is more severe and higher inter- 
face temperatures result. 


i> 


> 


As a general trend the tool-chip-interface temperature in- 
creases with both speed and feed. An opposite trend is observed 
in specific-energy requirements—these opposing effects indicate 
an optimum combination of feed and speed for most economical 
removal of metal. (Depth of cut is of minor importance in fun- 
damental considerations in orthogonal cutting though having, of 
course, practical significance. ) 

The ultimate economy of any metal-cutting process is then dic- 
tated by a compromise of these two opposing factors. An in- 
crease in speed and /or feed increases the rate of metal removal and 
reduces energy expended per unit volume. The same change in- 
creases the tool-chip-interface temperature and hastens tool fail- 
ure for a given tool-work combination, thus necessitating more 
down time for tool changes. 


CONCLUSIONS 


1 In orthogonal cutting operations the temperature distribu- 
tion along the shear plane is solely dependent: upon the thermal 
number. 

2 Under usual cutting conditions, a larger thermal number 
results in a more uniform temperature distribution along the 
shear plane. 

3 Within the range investigated, the effect of cutting speed 
and feed on chip-thickness ratio, shear strain, shear angle, and 
specific energy of metal removal can be expressed in terms of the 
thermal number (constant rake angle). 

4 The tool-chip-interface temperature is not solely dependent 
upon the thermal number. 

5 Since an increase in speed and/or feed reduces the specific- 
energy requirements in metal removal and at the same time in- 
creases the tool-chip-interface temperature, the ultimate econ- 
omy in a metal-cutting process is dictated by a compromise of 
these opposing factors. 
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Discussion 


R. S. Haun.* The authors have presented an interesting 
analysis of shear-plane temperatures, There are, however, some 
features of their analysis which should be examined carefully. 
The authors claim that they derive the temperature distribution 
due to a band heat source (shear plane) moving obliquely over a 
semi-infinite solid and that their derivation is slightly different 
from that given in their reference (7) for a heat source moving 
obliquely through an infinite solid. Actually, their result given 
by Equation [8] is identical to the writer’s Equation [3] of refer- 
ence (7) (after setting z = 0) except for the factor 8 and a factor 
of 2. 
exactly twice that produced by a source moving obliquely 
through an infinite solid. 

As a matter of fact, the writer originally did have the factor 2 
in his equation but when he came to check the calculated shear- 


Consequently, their solution gives temperatures which are 


plane temperature against experimental determinations of it, 
the calculated temperature was nearly twice the experimentally 
determined temperature. It was at this time that he realized a 
heat source moving through an infinite solid was a much better 
approximation for the shear plane than one moving over a semi- 
infinite solid. The authors’ Equation [9] is exactly equivalent to 
the writer's Equation [4] (7). 

The introduction of the quantity 8 into Equation [1] seems 
improper. Any method which yields the temperature dietribu- 
tion on the shear plane immediately implies the fractional 
division of heat between chip and workpiece as a result, and this 
fraction need not be postulated. For example, referring to the 
temperature distribution shown in Fig. 6 of the paper, since the 
heat convected away from the shear plane is proportional to 
the area under the temperature-distribution curve and since the 
adiabatic shear-plane temperature (the temperature obtained 
by allocating the entire shear energy to the chip) can be computed 
readily, and may be represented by a horizontal line in Fig. 6, 
thereby enclosing an area proportional to the rate of heat con- 
vection when no heat is lost to the workpiece, a comparison 
of these areas immediately yields the fraction of heat, 8 lost to the 
workpiece. 

The authors’ statement that the shear angle is uniquely 
determined by the thermal number is quite a departure from the 
conventional theory of metal cutting. The plots in Figs. 4 and 
5 do not prove that the shear angle is related to the thermal 
number because the thermal diffusivity has not been varied. 
Figs. 4 and 5 actually show that the shear angle is related to the 
numerator of the thermal number, i.e., to the product of cutting 
speed and depth of cut. It would seem rather strange that the 
shear angle depends on the thermal number and not, also, on 
tool-face friction as many have believed. 

The authors also state, following Equation [14], that the 
temperature distribution along the shear plane is governed 
entirely by the thermal number. It should be emphasized 
that this is true only when the shearing stress S, is independent of 
temperature (and/or speed V,). This follows immediately from 
Equation {9} (or the writer’s Equation [4] reference as soon 
as it is realized that the ratio qg/V, is proportional to shear stress 
S, (see Equation [12]). 


®* Heald Machine Co., Worcester, Mass. Mem. ASME. 
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G. Loewen® ann M. C. Suiaw.'® The practical limitation 
in many machining processes is the temperature generated at the 
face of the tool. While this has been true for a long time, the 
problem has become accentuated in recent years by the diffi- 
culties encountered in machining high-temperature alloys and 
titanium. Therefore, any work that sheds light on the detailed 
mechanism of temperature development in the cutting process is 


of immediate interest. 

In this paper the authors compute the temperature at points 
along the shear plane following the analytical procedure origi- 
nally given by Hahn (authors’ Let us consider 
just what is involved in this analysis 

. is shown a partially formed chip and shear plane. The 
plane is a heat source which moves relative to the workpiece 
Hahn assumed this heat source with the 
cutting speed V,, and hence set about to find the temperature at 
any point A in an infinite body in which a finite inclined heat 
source moved horizontally with a speed V,, Fig. 12. This he did 


reference 7). 
In Fig. 11 of this discussion 
shear 


to move horizontally 


Shear Plane 


Fig. 11 Fig. 12 
and the authors have retraced these steps. However, in solving 
for the temperature on the shear plane following the method 
of Blok we need to know the temperature at any point A for the 
case where the shaded region in Fig. 13 is a perfect insulator. 
In this paper the authors, again following Hahn, reason that the 
| semi-infinite body in Fig. 14 (uncrosshatched region ), is a good 

approximation for the uncrosshatcehed region in Fig. 13. The 

temperature at point A for the case of Fig. 14 is obviously just 
' 7 double that at point A for the case of the infinite body in Fig. 12 
However, it should be noted that the foregoing procedure in- 
14, that 


volves the assumption of a metallic region at C, Fig 


Perfect Insulator 


“A 


Pia, 13 


absence of a metallie 


and the 
When this approximation is made a 


actually does not exist, region at 
B that in fact is present. 
temperature distribution across the shear plane is predicted as 
shown in Fig. 6 of the paper, which predicts a more uniform tem- 
perature across the shear plane as the speed (or thermal number ) 


is increased 

We may 
and its distribution with much less effort by making use of a 
solution by Jaeger" for a heat source moving in the surface of a 
semi-infinite body, Fig. 15, herewith. This procedure has 
already been given in slightly different form in a previous pub- 


arrive at « solution for the shear-plane temperature 


® Assistant Professor, Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Jun. ASME, 

” Associate Professor of Mechanical Engineering, Massachusetts 
Institute of Technology. Mem. ASME 

‘Moving Sources of Heat and the Temperature at Sliding 
Contacts,”’ by J. C. Jaeger, Proceedings of the Royal Society of Lon- 
dop, NSW, vol. 76, 1942, pp. 203-224. 
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lication.'? The assumption made in this case in solving the 


problem of Fig. 13 of this discussion is that the shear plane is 
moving with a velocity V, along the semi-infinite body shown 
approximation likewise 


crosshatched in Fig. 16. This con- 
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siders that metal C is present when it really isn’t and that metal 
B is not present when in reality it is. From Fig. 15 it is evident 
that this solution, unlike that of Hahn, predicts a less uniform 


temperature distribution along the shear plane with increased 


cutting speed. 

In comparing the two solutions, the approximation involving 
regions B and C is common and is not considered to be a serious 
one. The major difference appears to be associated with the 
When the Piispanen model of Fig. 17, 


choice of velocity. he re- 


Pic. 17 


is considered, velocity V, would appear to be the one that 

By this picture, metal when cut behaves as a 
card at a time sliding a finite distance across 
Heat is generated only when sliding occurs in 
direction V,, and we might consider that one plate is always in 
motion and hence that the actual situation might be approxi- 
mated by Fig. 16. 

Direct evidence concerning the actual variation of temperature 
across the shear plane is difficult to obtain experimentally. The 
only worth-while attempt to measure temperatures over the 
shear-plane region was that of Schwerd!* who used a very delicate 
radiation-measuring device. Unfortunately, the bulk of his 
data was never published, and the diagram shown in Fig. 18 
of this discussion is the oniy one available to the writers 


with, 
should be adopted. 
deck of cards, one 


its neighbor. 
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Surface Temperatures in by J. O. Outwater and 
M. ©. Shaw, Trans, ASME, vol. 74, 1952, p. 7: 
u “Uber die Bestimmung des beim Spanablauf,”’ 
by F. Schwerd, Zeitschrift des Vereines deutscher Ingenieure, vol. 27, 


1937, pp. 211-216. 
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While these results agree with both analyses with regard to the 
maximum temperature being at the tool point, a second result of 
this sort at a different speed would have to be obtained in order 
to determine whether the temperature distribution becomes 
more or less uniform with increased cutting speed. 

It would appear that the case for the thermal number has been 
overstated. The thermal number &,, except for a constant, is the 
same as the dimensionless parameter L that Jaeger’! found so 
useful in describing the velocity behavior of a moving heat 
source. The authors suggest that for a given tool and workpiece 
the shear angle is uniquely determined by the therma! number, 
and present two curves with SAE 52100 steel to prove this point 
This is quite contrary to the writers’ experience, who could 
detect only a slight trend toward increased @ with thermal 
number in the case of free-machining sulphurized steel (SAE 
B-1113), and with wide scatter of points. When cutting stainless 
steel (18-8) the scatter was found to be just as great, even when 
using a good cutting fluid, and here the trend was reversed, the 
shear angle decreasing slightly with Rez. 

The authors also claim «a functional relationship between R, 
and the specific work done in cutting, and their data on SAF 
52100 seem to bear them out. 

However, it should be observed that a decrease in specific 
work with increased speed and increased depth of cut will result 
from two different physical processes. The effect due to a change 
in depth of cut is a size effect while that due to a change in speed 
is probably thermal in nature. This being the case we should 
not expect the specific energy always to vary in the same way with 
thermal number regardless of whether the change in thermal 
number results from a change in speed or depth of cut. 

In their concluding paragraphs the authors assert that the 
quantity of heat going to a tool is constant between 200 and 600 
fpm cutting speed, and that the observed increase in tool tempera- 
ture is due only to the decreased area of contact between chip and 
tool that takes place over this range. This is not held by the 
writers to be universally true, since in certain tests they have 
observed the contact area to change very little over this speed 
range, while the temperature increased considerably, as did the 
calculated energy going to the tool. 


A. O. Scumipr'' ann B. This paper is a 
welcome extension of previous work by the authors who have 
presented here a mathematical analysis of the metal-cutting 
process giving only the high points. Those of us working in this 
field appreciate the labor which has been expended in this case 

The thermal number #, is a helpful figure determined from 
values which can be measured quite accurately. Much experi- 
mental work still is required to evaluate the amount of heat 
conducted into the workpiece during various cutting procedures. 
The amount of heat 8 conducted back into the workpiece after 
being generated at the shear zone, will be influenced primarily 
Within certain ranges of cutting 
speeds, e.g., 300 to 600 fpm in machining of steel, the value of 8 


by cutting speed and feed 


will be influenced by feed more than by speed. For the limited 
extent of cutting speeds from 10 to 175 fpm in drilling tubular 
magnesium test bars the value of 8 varied between 25 and 10 
per cent for feeds of 0.0091 ipr and between 35 and 18 per cent for 
feeds of 0.0022 ipr (10). This same general tendency has been 
established in turning steel at cutting speeds up to 750 fpm. 
Results of tests carried out at the Massachusetts Institute of 
Technology © clearly indicate a further decrease in 8 with higher 

'* Research Engineer, Engineesing Department, Kearney & Trecker, 
Milwaukee, Wis. Mem. ASME. 

1° Engineering Department, Kearney & Trecker Corporation. 

‘6 Refers to bibliography of paper. 

“Metal Cutting Principles,"’ by M.C. Shaw, M.I1.T., 1952, chap- 
ter XII, 
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cutting speeds. This was also found to be the case in milling 
tests in Which aluminum was milled with carbide cutters at cutting 
speeds up to 15,000 fpm, no measurable heat being detectable in 
the workpiece at the high cutting speeds as long as the cutter 
remained sharp. Similar milling tests on steel at 15,000 fpm 
were impractical attempts in evaluating §, since tool wear was 80 
rapid that the cutter tips and workpiece surface were literally 
“burnt up’’ within seconds of cutting time. The value 6 as 
defined by the authors must be determined with sharp cutters at 
cutting speeds which will not cause a too rapid rate of tool wear. 
As soon as noticeable tool wear occurs the workpiece will be heated 
not only by the fraction of heat generated at the shear zone and 
conducted back into workpiece but also by increasing friction of 
the dulling tool. 

It is this increase in the amount of heat in the workpiece which 
can cause trouble when machining high-strength materials 
entailing high tool-tip temperatures and rapid tool wear," 
In milling workpieces several feet in length and having compara- 
tively thin wall thicknesses, dulling carbide cutters actually 
brought about such an increase in workpiece surface temperature 
that the pieces warped and buckled out of shape. Fortunately, 
in most cases, workpiece dimensions are large enough or coolant 
can be applied effectively to dissipate the heat from the machining 
process in order to maintain straight and accurate machined 
surfaces. However, it is experimentally possible to set up test 
conditions under which no appreciable heating of the workpiece 
due to increased friction between tool and workpiece takes place. 
This can be done by careful selection of tool materials, employ- 
ment of sharp tools only, and operation at reasonable cutting 
speeds and feeds especially when using steel as the test bar 
material. Higher cutting speeds and feeds are feasible with 
many of the light alloys without affecting 8 in any appreciable 
degree as a result of tool wear. 

Mathematically, 8 depends upon the thermal number R, 
relative to cutting speed and feed in such a way that with in- 
creasing speed and heavier feeds 8 will asymptotically tend 
toward zero. It can be visualized that under such conditions, 
when no tool wear occurs, the separation of the chip from the 
workpiece can be so fast that no heat flow from the chip into 
the workpiece will take place. The only heat occurring then in the 
workpiece would be very small and caused by deformation of a 
thin layer near the surface due to the separation of the chip from 
the workpiece 

At cutting speeds which are practical for machining steel with 
carbide tools, usually between 200 and 800 fpm, we can assume 
that the average thermal conductivity A of the workpiece ma- 
terial remains constant, as well as its average specific heat c. 
Within these limits the thermal diffusivity k would be constant 
and it could be stated that > 

N 


In order to determine V, only one value of 8 need be estab- 
lished experimentally because the “heat faetor’’ N is a constant 
within certain limits of cutting speed. The foregoing formula 
will then permit 8 to be computed for different cutting speeds 
during which K, e, and k do not vary appreciably. Equation 
{13a] of the paper will then read 
8.5 = Ad = 


S, R(cos @ + sin @ tan a) 


18**Temperature Measurements in Workpiece, Chips and Tool,” 
Conference on Metal Cutting, M.I.T., 1952, The Tool Engineer, 
July and August, 1952. 
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This transformation is introduced because, after a single value of 
8 has been determined, the thermal number #, and “heat factor” 
N define the specific conditions of the cut. 

A numerical check of B gave a close correlation with values 
of 6 established experimentally as shown in the following sample 
computation : 

When machining steel at 175 fpm with a chip thickness ¢ = 
0.010 in., the amount of heat going into the workpiece is about 
12 per cent of the total energy of cutting or 8 = 0.12. At these 
cutting speeds the chips have an average temperature of 800 
F which will give a specific heat for the chip, e = 0.145 Btu/(Ib) 
(deg F) and a heat conductivity K = 5.2 * 10~* Btu/(in?) 
(sec) (deg F/in), The density of the chip p = 0.281 Ib/in* and 
the thermal diffusivity 


N = BR, = 0.12 XK 27.5 = 3.3 


7 For a cutting speed of 600 fpm 


600 X12 X 0.010 - 
60 X 0.01276 
N 3.3 


This value of Boo = 0.035 indicates that only 3.5 per cent of the 
total energy expended during the cutting operation at 600 fpm 
goes into the workpiece. [Experimental values indicate about 5 
per cent. This may be due to the fact that a tool begins to wear 
as soon as cutting is started and even minute tool wear will 
cause more friction and thus additional heat in the workpiece 
surface 

Further experimental analysis of the heat distribution in metal- 
cutting operations and a better understanding of the effect of 
metal-cutting temperatures upon A and ¢ will make it possible 
to determine 2, and N more accurately. It is hoped that this 
discussion will help to point out their importance. 


Avutnuors’ CLOSURE 


The authors wish to thank the several discussers for their in- 
terest in the paper and for their many valuable suggestions, all of 
which contribute to a better understanding of the complicated 
metal-cutting process. 

A major part of the theoretical analysis presented in this paper, 
including the lengthy calculations necessary for the plotting of 
Figs. 2 and 3, was completed in June, 1949. At that time the 
Mechanical Engineering Department of the University of Illinois 
Unfortu- 
nately, the original manuscript was misplaced during the transi- 
tion and was not found until about a year ago. 
quence the theoretical analysis in this paper was, in fact, entirely 
independent of the work by Hahn. 

As pointed out at the beginning of the paper, the method of ap- 
proach for the calculation of temperature distribution along the 
shear plane was not unlike that of Dr. Hahn’s. In view of the 
fact that only sketchy, high points of the mathematical analysis 


was engaged in moving into the present quarters. 


As a conse- 


cp 0.145 0.281 
= 0.01276 in?/sec 
é For a cutting speed of 175 fpm a 
60 X 0.01276 
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had been published,’* it was thought that a detailed derivation 
including such graphs as Figs. 2 and 3 might prove worth while 
to those working in the field. Furthermore, the introduction of 
the factors 8 and 2 in Equation [1] of the paper makes the nu- 
merical results different from those of Dr. Hahn. It is on these 
points that we must take issue now. 

Dr. Hahn contends that the temperature distribution along the 
shear plane should be calculated as if the heat source were moving 
in an infinite medium. Fig. 1 of the paper illustrates the manner 
by which the heating of the workpiece and the chip takes place 
in an orthogonal cutting process. Inasmuch as the work material 
extends only on one side of the heat source which moves obliquely 
on its surface, it is difficult to see how it can be regarded as “‘in- 
finite.” If this were the case, the work materials must extend 
to remote distances on “both” sides of the source, which is ob- 
viously contradictory to what actually exists. 

Dr. Hahn acknowledges that he originally did have the factor 
2 in his expression for shear-plane temperature but when he came 
to compare the calculated values with experimentally determined 
temperatures, the former were nearly twice as great. The diffi- 
culty which he ran into apparently resulted from his failure to 
recognize the necessity of replacing q by 8q in his expression for 
shear-plane temperature. This will be expounded further in the 
following paragraphs. 

As defined in the earlier part of the paper, the quantity q in 
Equation [1] is the “total” rate of heat generation per unit area 
of the shear plane. Only a fraction of such heat goes into the 
workpiece by conduction. A major portion convects into the chip 
as a consequence of its motion. It is on this fact that the quan- 
tity § is introduced into the calculation of the temperature dis- 
tribution along the shear plane. 

When turning spheroidized SAE 52100 steel at a feed of 0.0074 
ipr with a triple-carbide tool of negative 2-deg rake, the tem- 
perature distribution along the shear plane at cutting speeds of 
116 and 811 sfpm can be represented by the two curves in Fig. 6 
of the paper. The one identified with R, = 10 corresponds to the 
lower cutting speed. Since 8 represents the fraction of the total 
shear-zone heat which passes into the workpiece, the fraction 
which leaves with the chip will be (1 — 8) if other heat losses are 
ignored. Therefore the mean temperature rise of the chip above 
the initial temperature as it leaves the shear zone is 


(1 B)q 21 


= - 
tV.cp 
All quantities have been defined in the paper. Substituting 
Equation [12] into Equation [15], herewith, we obtain 
(1 B)S,€ 


cpJ 


The average temperature rise across the shear plane also can be 
found by measuring the area under the curves in Fig. 6. Fora 
cutting speed of 811 sfpm, the mean ‘dimensionless tempera- 


ture” 
cp} (AO )ave ai 
28, 8B 
has been found to be 8.4; or wit? : = 
16.8 BS 
(17] 
cpJ 
4%, 


By equating Equations [16] and [17] we finally have 
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For SAE 52100 steel, S, = 100,000 psi, ¢ = 0.128 Btu/Ib deg F, 
p = 0.281 psi and under the given cutting conditions € = 2.84. 
From this 8 = 0.347; (A@)avg as given either by Equation [16] 
or [17] is 552 F. With an initial workpiece temperature of 79 F, 
the average temperature of the chip as it leaves the shear zone is 
631 F which is in good agreement with actually measured tem- 
peratures reported. Quite evidently, Dr. Hahn’s statement that 
our solution will give temperatures which are twice the actual 
values is in error. He also actually contradicts himself by first 
saying that there is no need of introducing the factor 8 and then 
suggesting a method for its determination, which, in fact, is not 
correct, (If there were not such a fraction as 8, why bother to 
determine it?) 

The authors agree with Dr. Hahn that the plots in Figs. 4 and 
5 of the paper only prove that the shear angle is related to the 
numerator of the thermal number, ie., to the product of cutting 
speed and feed because the thermal diffusivity has not been veri- 
fied. However, as has been stated in the paper, the conclusion 
that the shear angle is uniquely determined by the thermal num- 
ber is true only for a “‘given”’ set of cutting conditions, specifically 
rake angle and tool-work combination. 

In commercial high-speed metal-cutting operations where a 
type 2 chip is formed, the dynamie fiow stress of many materials 
has been found to remain constant except as modified by the size 
effect at very small feeds.” 
the temperature distribution along the shear plane is solely de- 
pendent upon the thermal number 

That the use of the simple multiplying factor 2 in Equation 
{1] of the paper involves an approximation is clearly stated in the 
earlier part of the paper. An exact solution is difficult’ even 
though the constancy of such physical properties of metal, such 
as k, ec, and p is assumed. Professors Loewen and Shaw sug- 
gest a different model for the heating precess due to main chip 
shear, in which they claim that the shear-plane temperature dis- 
tribution can be obtained with much less effort. 
generated only when sliding occurs in the direction V,, they rea- 
son that only this component of the cutting velocity has to be 
Let us 


Consequently, the authors hold that 


Since heat is 


considered as illustrated in Fig. 16 of their discussion. 
examine more carefully the validity of such an approach, The 
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quasi-stationary temperature distribution surrounding a band 
source moving in an infinite medium depends on the direction of 
the “actual” velocity vector and the plane of the heat source 
irrespective of how the heat energy is generated. 

Fig. 19 illustrates the two extreme cases. For identical 
strength of the heat source moving at identical speed, the tem- 
perature distribution along the plane of the source will be widely 


different. Fig. 14 of the discussion actually represents an inter- 
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mediate case. It is apparent, therefore, that the replacing of the 
actual velocity vector V, by V, in Fig. 16 will result in serious 
error. In fact, one of the findings reported in this paper, namely, 
that cutting at high speeds and feeds will result in a more uniform 
temperature distribution across the shear plane, can never be 
derived by a heating model as portrayed in Fig. 16. 

The statement that a functional relationship between the shear 
angle and the thermal number fails to exist in the case of free- 
machining sulphurized steel and 18-8 stainless steel cannot be 
answered by the authors without further experimental data. 
The decrease in specific work done with increased speed and feed 
cannot be accounted for by the size effect. The dynamic flow 
stress of the work material remains practically constant for all 
feeds employed in these tests (except the smallest, 0.0025 ipr). 

With reference to the quantity of interface, (i.e., frictional heat ) 


NE 9445 Steel 
Annealed, 163 Bhn 
Triple Carbide Tool 
0-4-7-7-8-0-3/64 
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conducted to the tool, the authors have investigated, in detail, 
the problem for annealed NE9445 steel under both conventional 
turning and orthogonal cutting conditions. The study has shown 
that the quantity of frictional heat conducted to the tool varies 
approximately S per cent tor conventional turning over the range 
of 100 to 600 sfpm, Fig. 20 of this closure. The variation in con- 
tact area over the same speed range was about 40 per cent. It is 
the concentration of heat on the reduced contact area whieh is 
held to be primarily responsible for the higher interface tem- 
peratures at increased cutting speeds. The same trend was noted 
for orthogonal cutting quantity of frictional heat varied 
about 3 per cent and the contact area about 25 per cent over a 
range of 140 to 500 fpm. 
The authors agree that the observation 


Similar effects have been observed 
with changes in feed. 
should not be held to be universally applicable. Changes in the 
tool work pair (e.g., tungsten carbide on steel) tool angles, and 
other cutting variables myy introduce modifying conditions. 

However, in metal-culting operations employing a suitable 
grade of carbide tool on steels it is believed that the contact area 
is of prime importance in interface temperatures, 

It should be pointed out that reference to “depth of cut’’ by 
Professors Loewen and Shaw refers to “feed”? as used by the au- 
thors. The factor is the amount the tool advances along the 
work per revolution and in the authors’ opinion is best designated 
as feed even though depth of cut may appear more fitting 
in orthogonal cutting (the exception in most cutting operations). 
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Qualitatively, a decrease in 6 with higher cutting speeds and 
heavier feeds has long been known, Many men in the shop are 
aware of the fact that higher cutting speeds result in a cooler work- 
However, no reliable quan- 
titative data for single-point turning are yet available. Dr. 


piece (unless the tool is dulled). 


Schmidt's and Mr. Roubik’s report on the amount of heat con- 
ducted back to the workpiece in drilling magnesium bars was cer- 
More experimental work still 
needs to be done to ascertain accurately and completely the heat 
balance in a metal-cutting process. 


tainly a very welcome addition. 
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An approximate mathematical relationship between 8 and the 
thermal number was derived by one of the authors five years 
It agrees with Dr. Schmidt’s and Mr. Turkovich’s view- 
point at least in a qualitative manner. However, the hyperbolic 
type of relationship, Bi; = N (a constant), as suggested by Dr. 
Schmidt and Mr. Turkovich, has been found to be valid only 
within a relatively narrow range of speeds and feeds. For the 
case cited, extrapolation from a cutting speed of 175 sfpm to 600 
sfpm by this assumed relationship is questionable. 


ago.” 
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AN ASME PAPER 


4. 


Its Preparation, 
Submission and 


and Presentation 


To a large degree the papers prepared and presented under the 
ASME sponsorship are evidence by which its professional standing 
and leadership are judged. It follows, therefore, that to qualify 
for ASME sponsorship, a paper must not only present suitable 
subject matter, but it must be well written and conform to recog- 
nized standards of good English and literary style. 


The pamphlet on “‘AN ASME PAPER” is designed to aid authors 
in meeting these requirements and to acquaint them with rules 
of the Society relating to the preparation and submission of 
manuscripts and accompanying illustrations. It also incluces 
engpeeenas for the presentation of anim: before Society meetings. 


PREPARATION OF A PAPER— 


General Information—Style, Preferred Spelling, Length Limitation, 
Approvals and Clearances. 


Contents of the Paper—Title, Author’s Name, Abstract, Body of Paper, 
Appendixes, Acknowledgments, Bibliographies, Tabies, Captions, Photo- 
graphs, Other Illustrations. 


Writing the Paper—Outline Tabulations, Tables, Graphs, Charts for 
Computation, Drawings, Mathematics, Accuracy, Headings and Number- 
ing, Lantern Slides, Motion Pictures, Typing, Number of Copies. 


SUBMISSION AND PUBLICATION OF A PAPER— 


rs Wes ae i% Intention to Submit Paper Required in Advance, Meeting Dates, Due 
Dates for Manuscript, Discussers, Review and Acceptance, Proofs, Ad- 
rg vance Copies and Reprints, Discussion and Closure, Publication by 


REFERENCES— 
References on Writing and Speaking, Engineering 


Ay 


Price 40¢. No discount allowed. A remittance must accompaxy 


all orders for $5.00 or less. Uz s. are acceptable. 


«29 West 39th Street, New York 18, N. Y. 
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